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PWA FP 66-100
SETONIVolume III' ~SECTION IC INTRODUCTION

A. DESIGN OBJECTIVES

The Pratt & Whitney Aircraft JTFl7 engine was designed to provide a
T high performance, reliable and long-life propulsion system for the Super-

sonic Transport.1 The engine is a two-spool, moderate bypass ratio, duct-
heating turbofan.' The engine performance is defined in detail in Engine

"[ Model Specifications 2698A and 2710 for the Lockheed and Boeing installa-
tions, respectively. The component designs are explained in Section II -
Major Components. T1,e primary design objectives for the engine, whi,:h
were selected to meet the supersonic transport mission requirements, are

as follows; I
1. High Performance

a. SLTO Thrust 61,000 lb
b. SLTO SFC 1.77
c. Cruise Thrust 16,000 lb
d. Cruise SFC 1.58 (at Mach 2.7 and 65,000 ft altitude)

o I =

a. Basic Engine Weight 9860 lb (-21L); 9910 lb (-21B) j
3. Reliability, Structural Integriiy and Safety I
4. Engine Life

a. Major Cases - 50,000 hours
b. Disk - 20,000 hours
c. Easily Replaceable Parts - 10,000 hours
d. Hot Section Inspection - 5000 hours.

5. Superior Growth Potential

6. Acceptable N-ise Levels (Less Than 116 PNdb at Takeoff)

7. Versatility to Match Aircraft Requirements

8. Advanced Concepts to Facilitate Airline Maintenance

9. Minimum Development Risks

B. SUPERSONIC TRANSPORT MISSION REQUIREMENTS

To establish requirements, mission profiles (shown in figure 1) werei
generated based on JTLF17 engine performance for typical aircraft L/D and
gross weight and appropriate ground overpressure criteria, using mission

requirements and average mission lengths (1455 statute miles for domestic
flights and 1980 statute miles for international flights) defined by the
economic ground rules contained in FAA Report SST 66-3. The international
mission was selected for cruise life c-iteria, because a large percentage

K-I-
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of the total flight time is at cruise. The domestic mission was selected
for mission cycle criteria, because the 9horter mission requires a greater

number of cycles for a given airframe operating time. The criteria for
hot-day and transient operatior as a percentage of cruise hours were
established by the airframe manufacturers and are defined by the engine
model specifications. The selection of time percentages for reverse
thrust, and the number of engine operating cycles for idle to SLTO power
were based on expected service operating techniques and previous engine
experience. The normal operating envelopes are shown in figures 2 and
3 and the reverse thrust envelopes in figures 4 and 5.

2.0 _jf~j i
-INTEOLNATIO?;ATIONAL isso STATUTE MILES 

E-00ME71TC 1456 STATUTE MILES.

p International Miwvuý.n 9egrnentU

- 0 Ta i Out 6 Cruise
- E' Talk Off anýd 7 Docrlerat.

Clean Up nd D".ac.t'
20 2 Climb To Laitr a i,ý.i-a~ i--r

4 cli-b ad A~c-lernte 10 Land
6'4 . Climb To M..h 2.1 I1 Taxi InL

0 10 2030 4050 60 7080901900110 120

MISSION TIME - min

Figure 1. Average Mission Pr-'Ciles FD 16381
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Figure 2. Engi~ne Operating Envelope -Boeing FD 16330
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Figure 5. JTFI7 Reverser Thrust Operation - FD 16331
Lockheed BI

Time percentages established were applied to the engine life objectives
to obtain the requirements given below. Points indicated for various limit-
ing conditions refer to figures 2 and 3..

For major cases, 50,000-hour life:

1. 30,000 mission cycles

2. 50,000 engine acceleration cycles -idle to SLTO

3. 21,000 hours at cruise (Point A)

4. 1000 hours at SLTO (M = 0-0.3)

5. 1500 hours at maximum compressor iniet temperature

and pressure (Point C)

6. 750 hours at envelope limit (Line GCAH)

7. 50 hours at maximum transient point (Line DEF) U

8. 4250 hours at hot day cruise (Point B)

For disks, 20,000-hour disk life: U

1. 12,000 mission cycles

2. 20,000 engine acceleration cycles - idle to SLTO

3. 8500 hours at cruise (Point A)

4. 400 hours at SLTO ,' = 0-0.3)

5. 600 hours at maximuL! compressor inlet temperature
and pressure (Point C)

BI-4
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6. 300 hours at enx'elope limit (Line GCA11)

7. 20 hours at maximum transient point (Line DEF)

[ 8. 200 hours at maximum reverse thrust

9. 1700 hours at hot-day cruise (Point B)

For lO,000,hour life of easily replaceable engine parts:

1. 6000 mission cycles
2. 10,000 engine acceleration cycles - idle to SLTO

3. 4250 hours at cruise (Point A)

4. 200 hours at SLTO (M - 0-0.3)

5. 300 hours at maximum compressor inlet temperature[ and pressure (Point C)

6. 150 hours at envelope limit (Line GCAH)

7. 10 hours at, maximum transient point (Line DEF)

8. 100 hours at maximum reverse thrust

9. 850 hcurs at hot-day cruise (Point B).
s The minimum design requirements consistent with the 5000-hour hot

section inspection are:

1. 3000 hours at full turbine temperature

2. 10,000 engine acceleration cycles - Idle to SLTO.

Rotor speeds used for structural design of disks and blades for both
engine models are shown in figures 6 and 7. Curve A in each figure re-
presents the scheduled design rotor speed as a function of compressor inlet
temperature. Curve B is the maximum overspeed expected due to control
tolerance. For the low compressor rotor, curve B also represents overspeed
expected from pilot correction for performance deterioration resulting
from erosion and dirt accumulation. Curve C for the low compressor re-
presents the maximum overspeed expected as a result of control malfunction.

[ C. PHASE III DESIGN TASKS

The major design tasks to be achieved in Phase III are:

[I. To improve the design whenever development testing indicates
that design objectives or mission requirements are not met.

2. To provide design support for rig, development, ground and
flight testing, to use the feedback from these tests for
design improvements, and to establish a production engine[ design.

3. To create alternate designs where supporting data are not[ adequate.

BI-5[



Pratt &Whftrney AircraftI
: PW F? 66-100

Volume III

4. To incorporate new materials and processes which result
from research programs. (Refer to Report F.)

8000 - - - -

I I
A) Maximum Normal Operation

7500 B Item ® With Control

c Tolerance and Deterioration
SMalfunctionI [I,C

7000 --

C 6500

6000B -]

Standard Day Cruise I
5500

-100 0 100 200 300 400 500 600 700
ENGINE INLET TOTAL TEMP, Tt 2 -°Fi

Figure 6. JTF17 Low Rotor Speed FD 16337

D. BACKGROUND

The design of the JTF17 engine has been firmly based on experience
which Pratt & Whitney gained from more than 39,000,000 hours of subsonic
commercial turbine engine operation and from extensive Mach 3+ operation
of the J58 engine in the YF-12A and SR-71 aircraft. With this experience,
time between overhauls on the JT3D engine has steadily increased until
now it is 8000 hours in airline operation. Valuable know-how has been

gained in operating production J58 engines at Mach 3 and above. rl

The Pratt & Whitney Aircraft design and development engineering team
assigned to the Supersonic Transport Engine Program is particularly ex-
perienced in:

1. Mach 3 cruise turbojet engine (J58)

2. Subsonic comm~ercial turbojet and turbofan engines
(JT-3C, JT-3D, JT-4A, JT-8D)

3. High temperature turbine design (J58 2000+°F).

BI-6



Praft & Whitrwy Aircraft
PWA Fl 66-100

Volume III

The application of this experience should pay off in the development
of a reliable, long-life engine, which fully meets the requirements of
the supersonic transport.

AA

IMStandard Day Cris
[0

"7500 k-ximum Normal OperationI

ENGINE INLET TOTAL
TEMPERATU RE, Tt2 - BV

SFigure 7. JTFL7 High Rotor Speed F'D 16338

B
BI

E. DESIGN APPROGCH

[ The design objectives for the Supersonic Transport engine represent
a new plateau in performance. No engine on the shelf now iill fulfill
those objectives. Pratt & Whitney Aircraft is taking full advantage of
its extensive design and development enperience in turbine engines, but
is using advanced design concepts and improved materials and fabrication
processes to achieve the required performance and engine life. Because
the supersonic transport pays off ultimetely on low operating and mainten-
ance costs and safe, reliable operation, the design approach has been to
stress low fuel consumption, reliable operation, and long life. The use
of an annular ram-induction burner for the primary combustor and duct
heater and advanced compressor and turbine designs permit a four-bearing
rotor system that increases reliability by reducing the number of bearing
compartments, seals and rotor supports. The relatively short major com-
ponents of the engine are unitized designs that facilitate balancing and
permit ready replacement, thus contributing to ease of maintenance. Low
fuel consumption is achie.ed by the selection of an efficient, high-tem-[ perature cycle and good efficiencies in the compressor and turbine designs.

BI-7[
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The use of improved materials and advanced cooling concepts has ensured
that this engine will meet the long-life objectives outlined in preceding
paragraphs.

This Design Report contains sub tantiating data on the design of the
engine and major components. A description of the component, particular
design objectives and requirements, and the criteria and design approach
to meet these goals are presented. iA summary of product assurance con-
siderations for each component is included. Although performance is pre-
sented in Report A of this Volume and is not repeated here, it is closely
related to the design and should be considered with it.

F. ENGINE DESCRIPTION

•he JTF17 engine is a two-spool, duct-heating turbofan engine designed
to m et the requirements of the supersonic transport. It has an airflow
of 6 7 lb/sec and furnishes 61,000 lb of thrust and 1.77 SFC at sea level
takeiff conditions. The engine we propose for the Phase III program is
subsiantially identical to the demonstrator engine designed and tested
in the Phase II-C program. The engine is designed to cruise at Mach No.
2.7 at 65,000 feet altitude and is designed to give 16,000 lb of thrust 11
and 1.58 SFC at those conditions. The weight of the engine is 9860 lb
(-21L); 9910 lb (-21B) and the external dimensions in inches of the
engine are as follows: Li

* Length Height Exit Diameter

Boeing 212 95 80 3
Lockheed 212 90 80

The major components are described briefly in the following paragraphs ri
of this section and more detailed descriptions are provided in Section II. Li

A cross-sectional view of the engine is shown in figure 8.

There are no design differences between the prototype and production U
engines for either the Boeing or Lockheed aircraft except those defined
in P4WA Engine Model Specifications 2698A and 2710, except to meet thV2
two airframe contractors' installation requirements.

1. Fan and Compressor

The two-stage overhung fan is driven by a two-stage turbine and pro-
duces a Sea Level Takeoff (SLTO) pressure ratio of 2.9. The use of an
overhung fan eliminates the conventional inlet guide vane structure and
the inhe..ent anti-icing problems associated with inlet guide vanes. It
also provides a more du-able compressor section by increasing resistance
to damage by foreign aject ingestion. The six-stage compressor is driven
by a single-stage, high-work turbine and produces a pressure ratio of 4.8
for an overall engine pressure ratio of 12.95. The variable inlet guide
vane for the high pressure compressor permits optimum compressor perform-
ance over the required operating range and also serves as a windmill
brake when required.

BI-8
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2. Burners

The annular ram-induction primary combustor and duct heater have
already demonstrated their ability to attain high heat release rates
with high efficiency, uniform temperature profile, low pressure drop,
and smooth ignition characteristics. A J58-type, balanced-flap nozzle
is used to control fan back pressure and duct airflow for inlet matching.

The concept of duct augmentation makes it possible to use relatively
cool fan air for augmentor combustion. Use of low temperature air
facilitates cooling of the burner parts, thus increasing burner life,
and the cool air forms a blanket to isolate hot burner surfaces from the
outer case structure. Airframe nacelle and structure adjacent to the
engine also receive the benefits of lower engine outer casc temperature.

3. Turbine

A single-stage high-pressure turbine drives the six-stage compressor.
Advanced aerodynamic design and proven airfoil and disk cooling techniques
have been incorporated to achieve the efficiency and long life required.
A two-stage, controlled-vortex low pressure turbine drives the two-stage
fan. The controlled-vortex design permits higher efficiencies than the
conventional free vortex design. Highly effective convective cooling
techniques have been incorporated in all three stages of the turbine to
optimize performance and enhance the life of the turbine disks and blades.

High creep strength material (IN-100) and advanced coating (PWA 64) will
give the turbine blades the long life required in the supersonic transport
engine.

4. Bearing System

A four-bearing rotor system has been designed to meet the design goal
of 10,000 hours life. There are two single-row, balanced cage construction
bearings supporting each rotor shaft. This arrangement is made possible
by the short burner design. The bearing design and materials have been
developed in extensive rig and bearing tests.

5. Reverser-Suppressor

The reverser-suppressor, which includes the engine'exhaust nozzle,
performs three basic functions: (1) the controlled expansion of the
exhaust gases at all flight conditions for optimum overall airplane
performance; (2) redirection of exhaust gases for reverse thrust; and
(3) suppression of engine exhaust noise. The reverser-suppressor is
comprised of five major sections: (1) the main structure, which includes
the support framework, the fixed outer skin, and engine attachment ring;
(2) tertiary air doors between the forward structural members; (3) an 7
integral shroud that, with the clamshells, forms the ejector throat; A
(4) clamshells that form the movable portion of the ejector throat and
provide exhaust gas blockage for reverse thrust; and (5) the movable
exit flaps, forming the variable diameter discharge portion of the ejector
nozzle.

BI-10
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6. Controls and Accessory Drive Systems

Accessory and external component drives are provided by three tower-
shafts driven by the high rotor through a bevel gear system. One tower-
shaft drives an accessory gearbox, located on top of the engine that
provides power takeoffs for aircraft accessories and for the engine
starter. The left side towershaft drives the main engine gearbox, on
which are mounted the gas generator fuel pump, the unitized fuel control,
and the engine hydraulic pump.

The gas generator fuel pump is a two-stage unit incorporating a
centrifugal-type boost stage, a full-flow micronic filter, and a gear-
type high pressure stage. The unitized fuel control is a hydromechanical
unit that schedules the fuel flow to the primary combustor and duct heater,
controls the operation of the duct heater exhaust nozzle, and schedulds
operation of the high rotor inlet guide vanes, the compressor starter
bleeds, and the thrust reverser system. The engine hydraulic pump is a
piston-type pump that provides high pressure fuel to actuate the duct
heater exhaust nozzle and thrust reverser system.

The right side towershaft drives the main engine oil pump, and, for

the Lockheed Installation, e- aircraft air c:.npressor. . . .

Duct heater fuel is pumped by an engine-air driven turbopump located
on the right side of the engine. Engine fuel-oil coolers and an oil tank
are also located on the right side of the engine. Dual low-voltage
ignition systems are provided for both the primary combustor and the
duct heater.

[ 7. External Configuration

Certain differences in external configuration result from the differing
requirements for the Lockheed and Boeing installations. The version of
the engine for the Lockheed aircraft incorporates a 5-degree downward
bend of the engine exhaust nozzle system, front mount points located
38 degrees above the horizontal centerline, and rear mount points locatedI 45 degrees above the engine horizontal centerline. The upper power
takeoff drive gearbox axis is transverse to the engine axis, and an air-
frame air compressor drive is provided on the right side of the engine.
The main engine gearbox and associated engine components are mounted on
the lower left side of the engine because of the requirements of the
Lockheed engine support frame. Front, left side, and right side views
are shown in figures 9, 10, and 11, and 12, 13, and 14, for Boeing aind
Lockheed, respectively.

I
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Figure 12. JTF17 Front View -Boeing FD 17606
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SECTION II Volume III
MAJOR COMPONENTS

A. FAN AND COMPRESSOR

This section will be discussed in two major parts: (1) Fan Subsection
and (2) Compressor Subsection. Each subsection will be complete in it-
self except as follows: the general subjects of Blade Containment, Disk
Yield Margin, Foreign Object Ingestion, and Blade Flutter are contained
in the Fan Subsection. The general subjects of Low Cycle Fatigue and
Disk Burst Margin are contained in the Compressor Subsection.

1. 'Fan Spction

a. Des'gn Description

(1) Function

The two-stage fan has been designed for a total airflow of 687 lb/sec
to a pressure ratio of 2.90 on the duct side and 2.68 on the engine side.
The fan exit geometry is arranged so the duct receives 388 lb/sec of this
air with the remaining 299 lb/sec supercharging the gas generator, result-
ing in a bypass ratio of 1.30. The efficiency goals for this fan are 79%
for the duct flow and 89% for"the engine flow.

[ (2) Configuration (See figure 1)

Intermediate Case-- Fan Duct Attachment
DutExit Vanes

1st-Stage Fan Rotor High Compressor

1st-Stage Fan Stator- Attachment

nd -Stage Fan Rotor

2nd-Stage Stator I-

F ~~~Spacer -~>r

""nd -Stage Diku H i

Fan Tie Bol .. ..

-Spanner Nut

_______~~~ _____Engine Q~

Figure 1. JTF17 Fan Assembly FD 16418

IIA

The fan rotor is overhung frum the front bearing of the low-pressure

spool. The rotor is a trussed-hub configuration to provide maximum stiff-
ness with minimum weight.

The choice of this configuration was the result of P&WA's analysis
of J58 engine disk low-cycle fatigue resulting from both ascent and

descent from high Mach number and from acceleration and deceleration

from normal operating speed. Specifically, it is necessary to:

BIIA-i
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1. Avoid bolt holes in the main disk body
2. Design a compactly shaped configuration
3. Use a material with the unique properties of titanium. F)

More detailed discussion of this design is presented in the Fan Material
portion of the Fan Subsection and in the Compressor Disk Low Cycle
Fatigue and Materials portion of the Compressor Subsection.

Overhung support of the fan rotor eliminates the need for a station-
ary structural vane section in front of the rotor. This in turn elimi-
netas the requirement for an anti-icing system, eliminates a source of [
noise generation (close proximity of rotors and stators) and pressure
loss, and results in a better foreign object ingestion capability. The
intermediate case provides the thrust bearing support for both the low
and high pressure spools. This case also structurally bridges the
airflow path in both streams by means of eight struts. These struts
house three power takeoff shafts, plus lines for oil pressure, seal
air pressure, and breather lines. The 1st-stage stator vanes in back
of the 1st-stage rotor are full length, whereas the 2nd-stage stator
assembly is composed of two sets of shorter vanes; one set in the duct C
stream and one in the engine flowpath separated by the airflow splitter.
Both fan blades have two part-span shrouds.

The No. 1 bearing supports forward thrust from the low (N1 ) rotor Li
shaft. The No. 2 bearing supports rearward thrust from the high (N)
rotor shaft.

The intermediate case and bearing compartment is arranged to permit Ii
easy access to both main thrust bearings and seals from the front of
the engine by removing only the fan rotor and Ist-stage stator. [-

A bevel gear drive from N2 provides output power through three
radial shafts to external accessory gearbox drives.

b. Design Objectives and Requirements

I. High performance and efficient utilization of structure
and materials

2. High degree of reliability, structural integrity, and
safety

3. Minimum noise generation
4. Engine part life consistent with 50,000 airframe hours
5. High degree of maintainability.

c. Design Approach V

(1) Aerodynamic Design

The two-stage fan has been designed for a total airflow of 687 ib/sec,
with a pressure ratio of 2.902 on the duct side and a 2.680 on the engine
side. Blading and areas were chosen for the duct to receive 388.3 lb/sec U
of this air with the remaining 298.7 lb/sec supercharging the gas genera- i
tor, resulting in a bypass ratio of 1.30. The sea level static effi-
ciency goals for this fan are 79% for the duct flow and 89% for the Fl
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Volume III[ engine flow. This point plus the long-time cruise performance design
requirements are summarized in table 1.

Table 1. JTF17 Fan Performance

Sea Level Static Cruise
(SLTO)

Total Inlet Corrected Airflow - lb/sec 687 417
Fan Duct Corrected Airflow - lb/sec 388.3 271.9

Fan Engine Corrected Airflow - lb/sec 298.7 145.0
Fan Duct Pressure Ratio 2.902 1.620
Fan Engine Pressure Ratio 2.680 1.579
Fan Duct Efficiency - % 0.788 0.808
Fan Engine Efficiency -% 0.888 0.893
Corrected Speed 6493 4142

[ Bypass Ratio 1.30 1. 8

The two-stage fan configuration for the JTF17 engine was selecte I'
on the basis of comparative performance and weight studies with other
candidate configurations. A comparison between the selected configu-
ration and a three-stage fan showed a higher efficiency for the two-
stage fan. An efficiency improvement for the three-stage fan could
only be obtained by adding a third stage to the low pressure turbine
and decreasing the low spool rpm. This three-stage configuration, al-
though capable of obtaining the required performance at sea level static,
resulted in a considerable weight increase over the seiected configuration.
Comparison studies showed that all single-stage fan configurations re-
quired impractical wheel speeds, both from Mach number and disk weight
considerations.

LThe aerodynamic design of the JTF17 fan was significantly influenced
by three critical operating points on the flight envelope. The three
points were cruise, sea level static and transonic acceleration. At

L the cruise operating condition fuel consumption and therefore, compo-
nent efficiency level is extremely important. At the sea level static

and transonic acceleration conditions thrust level is of primary ccndern,
therefore flow capacity is important. For these reasons, the primary
emphasis in the desigh of the fan was focused on efficiency levels at

cruise and on flow capacity at sea level static and transonic acceler-
F- ation conditions.L

Control of two primary parameters, the local aerodynamic loadings
O(tP/Q and D factor) and local relative Mach numbers, is required in
the design of any fan or compressor. The aerodynamic loadings must
be maintained within established limits to prevent flow separation,
whereas high local Mach numbers can result in high losses and/or flow
separation. A unique method, developed by Pratt & Whiu'ey Aircraft,
was used to accurately predict the primary parameters in the design
of the JTF17 fan. The method is based on fundamental aerodynamic and
thermodynamic theory and design limits obtained from more than 500,000
hours of rotating turbomachinery and cascade testing. The calculation
procedure accounts for full radial equilibrium equations for flow
pattern evaluation, predicts losses and turning capabilities of the
blading, and is used to evaluate the "off-design" performance of the
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fan. The method has been programmed into high speed computers which
allow rapid and accurate tradeoff evaluations to be made between var-
ious design parameters.

The critical aerodynamic parameters which describe the JTFI7 fan
are listed in table 2. A stream tube distribution sea level takeoff
and cruise operating conditions are shown in figure 2. The local
aerodynamic loadings are shown for the most severe conditions and com-
pared with demonstrated capabilities of similar tested fan stages.
These data indicate that the aerodynamic loading levels can be achieved-
in the JTFI7 fan. (See figures 3 and 4) The local relative Mach num-
bers are compared with values from other fan stages (figure 5), includ-
ing supporting rig data from Phase II-C. Further substantiating data
from the Phase II-C rig testing progran may be found in the Fan Per-
formance Section of this proposal (Section III, Volume III, Report A).

Table 2. JTFI7 Fan Performance Parameters , 1
Hub/Tip Ratio, 1st 0.383

Hub/Tip Ratio, 2nd 0.5383
Tip Diameter- ft 4.98
Number of Stages 2

SLTO CRUISE

Specific Flow - lb/sec/ft 2  41.2 25.0
Average Pressure Ratio 2.840 1.600
Stage Pressure Ratio, Ist 1.712 1.283
Stage Pressure Ratio, 2nd 1.653 1.246
Corrected Tip Speed, 1st - ft/sec 1694 1077
Corrected Tip Speed, 2nd - ft/sec 1480 895 -

Stage-Temperature Ratio, 1st 1.189 1.0808
Stage Temperature Ratio, 2nd 1.190 1.0800
Inlet Axial Mach Number 0.592 0.309
Duct Exit Axial Mach Number (Actual Area) 0.449 0.529

Sea Level Static
@ --- -Cruise

@-------- --- -------
0 ....... .-- Duct Exit

Guide VaneII

Streamline Number i
- -- ----- --------- -- ---~ ------ -- tter

0-------ia-8t~e at-Str RotorU

BIIA-4
Figure 2. JTFl7 Fan Flow Path Design Point FD 16550
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1.[2

0 20 40 60 80 100
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Figure 5. JTF17 Rotor MAch Number FD 17199
IMl

(2) Fan Rotor Design.

The fan rotor is designed to meet the performance, reliability,
and component life requirements for the environmental conditions en-
countered throughout the mission cycle. These conditions include
maneuver loads due to G forces, gyro moments generated by angular pitch
and yaw velocities, inlet temperatures and pressures, and instantaneous
transient loads caused by bird ingestion and compressor surge. (See
figures 6 and 7 for The Boeing Company, and figure 8 for Lockheed
California Company data.) The disks are designed to have 20% burst
margin at maximum overspeed condition, as well as the capability of
withstanding LCF stresses for 20,000 hr. The rotor is designed as a
vibratory system to ensure no critical speeds or low-order disk and
blade nodal frequencies in the running range. The rotor is also de-
signed to meet certain types of failure criteria, such as a 10% blade
loss, and confine the failure to relatively small masses such as blades
and vanes and maintain rotor integrity.

alA
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Figure 8. JTF17 Maneuver Load Diagram - FD 16235
Lockheed Installation hIA

Rotor integrity is assured by application of the following rotor
tiebolt or axial retention criteria:

1. The moment imposed by loss of 10% of the blades of any oneU
stage shall not stress the, tiebolts more than the 0.2% yield
strength of the material. -

2. The strain energy produced from loss of 10% of the blades of
any one stage must be within the strain energy absorption
capability of the tieholts.

3. In addition, the tiebolts must prevent flange separation during
normal operation at the extreme conditions of maneuver and U
flight envelope.

Energy absorptive techniques are used to prevent gross rotor fail- LA

ures. Generally, this technique is to utilize energy by deformation
or rubbing friction on less critical or smaller mass parts to prevent
the sudden release of large masses of energy. T"his criteria is applied
to rotor-stator axial spacing.

The minimum parts life requirements shown below are established on
the basis of the general engine parts life requirements described in
Section I (Introduction to Report B).

Fan disks 20,000 hours
Blade lock rings 20,000 hours
Fan rotor blades 50,000 hours
Rotor tiebolts 10,000 hours V

BIIA-8
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The actual component life based on the detailed design is summarized
4n table 3, and is shown to exceed these requirements.

[ Table 3. Fan Component Life

Component Stress, LCF Stress Life,
L psi cycle hr

1st-Stage Disk 52,900 25,000 >50,000
2nd-Stage Disk 51,800 22,000 >50,000
Ist-Stage Blade 36,000 -- >50,000
2nd-Stage Blade 24,000- -- >:50,000

STie Bolts 115,000 -- >50,000

The fan also meets maintainability requirements, such as modular
major component replacement and accessibility provisions, as formulated

I by Pratt & Whitney Aircraft and airline maintenance procedures. The
- disks, disk support cones, and rim spacer form a closed truss in which

loads and deflections are interrelated. The truss was, therefore,
analyzed and designed as a system. (See figure 1.) The truss configu-

L ration is advantageous in obtaining necessary critical speed margin for
the rotor with a minimum weight. This margin also adds a stiffening
effect to the disks to meet the disk-nlus-blade vibration criteria.

STo assure that this effect is achieved, the truss system is designed
to maintain adequate axial pinch on the rim spacer to avoid axial
separation in all situations including compressor surge. The axial
pinch is generated by the centrifugal load on the disks. As Lhe disks
grow, they tend to swing together on the supporting column. The axial
spacer pre-ents this movement and a compressive load results.

r
The entire fan is mounted on the 1st-stage disk hub, which is splined

to the low rotor shaft. This hub is double pi oted; directly to the
shaft in the front, and indirectly through the 2nd-stage hub to the bear-
ing" sleeve in the rear. The fan rotor is retained on the shaft by a
spanner nut which applies load to the 1st-stage hub through a steel
spacer. This nut also retains a long stackup of bearing and seal parts.

F The long stackup provides a low spring rate that makes it possible to
L maintain tightness at elevated temperatures when the low exppnsion of

the Litanium hub tends to reduce the load. The 2nd-stage hub is double
piloted to the Ist-stage hub. The rear pilot is extended onto the be.'r-
ing sleeve to act as a second pilot for the entire rotor. Tiebolts hold
the two hubs together and transmit rotor torque from the second stage.
In the event of a failure, such as blade loss, the second stage is not
compietely dependent upoii the tiebolts to support the disk. Redundancy
exists, considering the Jlade loss criteria, in that not only are the
bolts designed to take the resultant moment, but the pilot diameters
have adequjte wheel base to give moment support.

For ease of maintainability, provisions are made for easy removal
of the fan as a complete unit, for removal of the first stage only, and

F for removal of individual ist-stage blades. To remove the first stage,
L the spanner nut and the tiebolt nuts are removed. Four ½-irth diameter

holes are provided in the front hub to insert a fixture which presses

L against the 2nd-stage hub. The 1st-stage hub has a lip provided for

BIIA-9
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the puller. To remove the entire fan assembly, the spanner nut is
removed and a puller mounted on the front hub. Tapped holes are pro-
vided in the ist-stage fan shroud for fastening the fan assembly fix-
ture. This fixture pilots on the bore of the 1st-stage disk with a
soft metal or plastic liner, to protect the disk bore, and the bolts
to the extensions of the rotor tiebolts. Bolts retaining the Ist-
stage vanes to the intermediate case flange are removed, and the entire
assembly is drawn off with a hub puller. An important advantage of
this configuration is that the fan assembly may be removed without
disturbing the front bearing, and the low rotor shaft is still sup-
ported when the fan has been removed.

The fan is initially asaerlbled and balanced as a unit before in-
stallation on the engine. Each disk and blade assembly is statically
(single plane) balanced by pairing blades of equal moment class weight
180 degrees apart, and by installing balance weights on the flange
provided on the front of the first stage and on the rear of the second
stage disks. The rotor is then built around the 1st-stage statcr and
shroud assembly. The rotor is mounted on the balance arbor, whicn
pilots on the Ist-stage disk hub front and rear snap diameters. A
fixture mount is provided on the 1st-stage outer shroud to locate the
stationary parts during balance. The rotor is dynamically balanced to
0.20 ounce-inch maximum unbalance by riveting correction weights to the
flanges on the disks.

Different correction weight types are used for the dynamic rotor
halance than are used for disk and blade assembly balance. This pro-
vidts easy identification and ensures that the individual stage balance
will not be lost if the rotor is torn down and reassembled. To minimize
the number of balance weights used, and to provide a check against ex- v
cessive eccentricities, an initial maximum unbalance of 10 ounce-inches
is required on the rotor prior to adding correction weights. To achieve
the initial minimim unbalance, the first stage may be rotated relative
to the second stage to place points of maximum unbalance on each disk
1800 apart. When the best posi:ion has been determined, a dowel pin
is pressed into one of the 16 holes on the 2nd-stage hub and aligned with
the single hole on the 1st-stage hub. Thereafter, the rotor is disassem- -

bled and assembled in the same relative position. All pilot diameters
are closely controlled for concentricity, and stackup is controlled for
squareness to control unbalance. The rotor has enough wheel base between
the hub snap diameters to assure squareness of the rotor on the shaft.
The hub-to-shaft fits are designed to ensure that the hubs will remain U
tight at all running conditions. It is permissible to remove and replace
the 1st-stage blades in pairs of equal moment weights located 180 degrees
apart without rebala..cing the rotor assembly. To replace 2nd-stage U
blades, the entire fan rotor is removed from the engine and rebalancing
is recommended. The first stage may be removed from the engine, have
blades replaced, be statically balanced, and be reinstalled without
rebalancing the rotor assembly, provided the same disk is used. Trim
balance of the rotor on the engine is permitted by the addition of
weights on the Ist-stage disk flange. Each blade will be marked with
the applicable moment class. In the event a damaged blade requires
replacem.eat, a comparison of the damaged blade moment class with the
moment class of the blade 180 degrees apart provides a correction value. .7
Disk rim static balance weights are then added to obtain the necessary _

correction. BIIA-IG
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The rotor is secured by 16 3/4-in. tiebolts of PWA 1010 (Inco 718)
material. These bolts maintain the axial pinch load on the rim spacer.
Having a higher thermal expansion than the titanium disks, the bolt load
is reduced as the temperature increases. Preloading these bolts to 90%
of the 0.2% yield at assembly will ensure. the required load of. 468,000 lb
at the cruise condition.

To achieve a reliable preload, the bolts are designed to permit
hydraulic stretching by means of a special fixture. The bolts are
stretched to a predetermined preload and the nuts are tightened to a
low torque level to ensure seating, then the bolts are released.
Hydraulic stretching of the bolts is the most accurate means of estab-
lishing bolt preload. This allows the bolt to have a high tensile load[ without torsional stress.

(3) Disks

The design of the fan disks must meet the following criteria at
maximum engine operating conditions.

1. Yield margin - 13% over maximum deteriorated speed
2. Yield margin - 3% over maximum overspeed due to malfunction
3. Burst margin - 20% over maximum deteriorated speed
4. Radial stress in the disk web is restricted to the average

tangential stress. Radial stress between bolt holes will
not exceed 90% )f the average tangential stress. Allowable
tangential stress is equal to yield factor times 0.2% yield
strength of the material divided by the yield margin squared.

5. Low cycle fatigue for disks (LCF) - 20,000 engine acceleration
cycles or 12,000 engine thermal cycles.

The limiting disk criteria were found to be the 13% yield margin
requirement at maximum normal operating speed plus production control
and deterioration tolerances. Figure 9 shows the resultant yield and
burst margins as a function of rotor speed and inlet temperature.
Vibratory stiffness requirements established cone thicknesses and rim

- widths. Refer to Volume III, Report B, Section II, paragraph H[. (Structural/Mechanical).

The yield margins imposed are calculated to prevent growth in excess
U- of 0.1% during control malfunction overspeed. This growth restriction
Lf protects the engine from excess blade rubbing and ensures that adequate

fits between disks, hubs, spacers, etc., will be maintained. These fits
are required to ensure rotor balance and to keeD engine vibration to a
minimum.

Yield growth is limited to 0.1% during disk life. The following
L equation, incorporating a yield factor and the 0.2% yield strength,

is used to predict the average tangential stress (and hence the rpm)
at which the disk will grow 0.1%.

Disk average tangential stress at 0.1% growth =

yield factor x 0.2% yield strength

BIIA-11
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Figure 9. Fan Speed Margin FD 17509
IIA

The yield factor for compressor disks is 0.9 which was obtained
from actual whirl pit testing in which disks were spun at progressively
increasing speeds until 0.1% plastic growth was measured. Table 4 shows
the results of some of the whirl tests which compare actual yield speed

to predicted yield speed. It is evident from this table that, of the
materials tested, the elevated temperature yield tests gave identical
results with room temperature tests. However, all new materials are
given the elevated temperature test to substantiate this 'general mate-
rial tendency.
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Table 4. Yield Factors for Disks

Actual Yield Speed[Engine/Stage Material Temperature Predicted Yield Speed

JT3 16th AMS 6415 70 1.03
JT3 14th AMS 6304 70 1.07
JT4 16th AMS 6304 70 1.01
JT8D l1th AMS 4928 70 1.03
JT3 15th PWA 1003 70 1.12
JT3 14th AMS 6304 70 1.05
JT3 15th PWA 1003 950 1.12
JT4 16th AMS 5735 70 1.03

FJT4 2nd AMS 4928 70 1.03
JT4 9th AMS 6415 610 1.03
JT4 15th PWA 759 70 1.04

SJT3 14th AMS 6304 70 1.07
JT3 4th AMS 6415 70 0.99
JT8D 2nd AMS 4928 70 1.04
JT4 8th AMS 6415 70 1.05
JT8D 12th PWA 1002 690 0.99.
JT3 16th AMS 6304 850 1.12

The disk cross section shapes were determined primarily by disk and

blade vibration requirements and by weight optimization. For the first
stage, a compact thick cross section for rim torsional stiffness is
required. The truss system has been carefully designed -o balance out
all forces and moments to assure there is no rotation of the disk rims.
This is achieved by making the 1st-stage disk cross section slightly
asymmetrical and by careful location of the axial spacer on the second

F stage.

A further advantage of the trussed cone design is ability to remove
bolt holes from critical areas of the design. Experience has shown that
low cycle fatigue (LCF) life is greatly reduced by the stress concentrations
caused by bolt holes. The cone disk concept avoids this problem by moving
the bolt holes from the central structure to the disk support cone, which
operates at a low stress level. LCF is adversely affected at a disk borq
or rim when high thermal gradients occur. The relatively compact configu-
ration of the fan disks results in low thermal gradients. See figure 10
for 1st-stage fan disk temperature gradients and stresses, and figure 11

V. for 2nd-stage. The low expan!Aion coefficient and modulus of titanium
further decrease thermal stresses, thus improving LCF.

r th

All surfaces of the disks are glass-bead peened to improve fatigue
resistance. The 1st-stage hub spline, and the dovetail slots of both
disks are treated per specification PWA 60 graphite varnish to preventr" surface galling and to ease assembly. The bolt holes in the hubs are

L polished per PWA 99 to improve fatigue resistance. The fan drive spline

on the 1st-stage hub is designed to a be~aring stress of 11,000 psi at
maximum sea level condition, and 3500 psi at cruise, with a predicted
cruise temperature of 550 F. P&WA experience has shown that the non-
working splines with double pilots will operate at 15,000 psi.
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Ei (4) Rotor Blades

(a) Airfoils

Both stages of blades are designed with two part-span shrouds for
good structural integrity and resistance to foreign object damage.
Experience obtained from the JT3D, JT8D, and TF30 fan development effort,
and from a number of fan research stages, has shown that rotor blades must
be designed to withstand self-excited vibrations at high rotor speeds,
self-excited vibrations at stalled flow conditions (flutter), and standing
wave resonant vibration excited by inlet distortion. The fan is designed
for freedom from low order resonances and flutter over the entire normaloperating range. Double shrouds are used for torsional stiffness and
blade incidence control, which are important in eliminating blade flutter.
The use of double shrouds has a further advantage in that it improves the
FOD ingestion capability. The forces resulting from ingestion of large

r objects are distributed to adjacent blades by the shrouds, thereby
'limiting the resulting stresses. The total untwist moments caused by
I centrifugal loading on the blading are distributed between the two

shrouds to produce torsional restraint and damping during vibration.
Experience within the distortion conditions from both subsonic and super-
sonic inlets indicates that the highest stresses from vibration excitation
occur in the lowest harmonic orders. Typical distortions from subsonic
and supersonic inlets are shown in figure 12. The blade-disk systems are
designed with 10% frequency margin over the frequency resulting from two
impulses per revolution to allow for blade and disk tolerances. Resonances
for low orders of excitation at the normal operating range are eliminated
by this design. The resultant resonant characteristics, shown in figures
13 and 14, are achieved by combining blades designed for flutter resistance
with nonrigid disks. The fan resonance characteristics are satisfactory
for the imposed excitations. Past experience shows insignificant excita-

s tion from the higher order resonance points remaining in the operating
range.

L All fan stages have been analyzed with respect to the torsional stall
flutter. This was accomplished by a nodal analysis of the results of the

I blade disk calculations. Torsional and bending contents of the vibratoryV :modes are related to the aerodynamic excitation to predict the flutterresistance of each stage. The flutter criteria for making predictions
(figures 15 and 16) are based on the accumulated experience from the
J58, JT3D, JT8D, and other production engines. The 1st-stage fan blades

L- of all current Pratt & Whitney Aircraft turbof;n engines are part-span
shrouded to allow the use of lightweight, high-aspect-ratio blading. As

u" the blade tends to straighten under centrifugal load, normal forces are
L developed on the shroud contact surfaces. Friction between rubbing

surfaces provides damping that resists the vibration motion of each blade
at the shroud radius. This increases blade torsioral frequency and

[L maintains proper air incidence angle, providing the requirea flutter
resistance. The fan stages ion the production engine will have ample stall
flutter margin as indicated in figure 16.

E
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Figure 16. Fan Stall Flutter Characteristics FD 16227
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Foreign object ingestion capability is a direct funtion of the overall Ll
blade strength and a correlation based on past experience (figure 17)
in which blade bending energy is relattd to the blade root strength. F
Based on this criterion, the ist-stage fan of the JTF17 engine will have L
ingesting capability superior to the other production Pratt & Whitney
Aircraft engines. In addition to making the blade strength adequate for
foreign object ingestion, it is also necessary to provide sufficient U
blade-to-vane spacing to ensure clearance when the rotor blades deflect.
The part-span shroud contact angles are set to prevent the blades from
disengaging. By doing this, the load will be distributed among the ['
several adjacent blades, thereby limiting the total deflection of the L
system.

The design criteria that must be satisfied in the design of the
part-span shroud are (1) minimum aerodynamic drag, which is attained by
keeping the critical Mach number of the section high, (2) shingling
resistance, which is accomplished by maintaining a shroud thickness as
dictated by an empirical correlation of past P&WA ex:perience, and (3)
sufficient wear resistance, which is accomplished by flame-plating the
wear surfaces of the- shroud with tungsten carbide and maintaining low
bearing stresses. The shingling parameters, in comparison with the
experience of the other P&WA production engines, are shown in table 5
and the bearing stress limitation is shown in table 6. (See figure 18.)
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Figure 17. Foreign Object Ingestion Study FD 16214
hIA

Table 5. P art-Span Shroud Shingling Parameter Experience

Engine Stage Shingling Parameter (Radians)

JTF17 1 Inboard Shroud 0.0566
1 Outboard Shroud 0-0518
2 Inboard Shroud 0.0585
2 Outboard Shroud 0.0530

JT3D 1 0.0548
JT8D 1 0.0578
TF30 1 0.0423
J58 (Experimental) 4 0.0278

(Shingled at low rpm)
JTF14C (Experimental) 1 0.0168

(Shingled at low rpm)
JTF14F (Experimental) I Inboard 0.0242

1 Outboard 0.0245

Table 6. Part-Span Shroud Bearing Stress Summary

Engine Stage Shroud Allowable Actual
Location Bearing Bearing

Strese Stress
(psi) (psi)

1 Inboard 5000 4000
Initial Experi- Outboard
mental Engine 2 Invoard 5000 3900

Outboard 5000 3470
I Inboard 5000 4840

JTF17 Outboard 5000 1450
2 Inboard 5000 5000

Outboard 5000 4190
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Figure 18. Airfoil Shroud Arrangement FD 16209
HIA

(b) Blade Attachments

The blades are mounted in a single dovetail slot in the disks and are
retained axially by the locking rings. This method of retention is more
reliable than the conventional tablocks. The 1st-stage blade is retainedr-
axially in the disk by the rim spacer in the rear and by a lock ring in
the front. The 2nd-stage blade is retained by a lock ring in the rear,
which engages in a tang on each blade to prevent fore and aft movement.
Both 15t- and 2nd-stage lock rings (figure 19) work on a breech-lock prim-
ciple. Both the disk and the lock ring have a series of tangs that inter-
mesh and engage when the ring is rotated. The lock rings are each locked
to the disk in the engaged position by six rivets. The advantages of this
locking system are: (1) all blades are locked simultaneously, (2) no
loads are placed on the retaining rivets, and (3) there is redundancy in F'
the locking because all the rivets must fail before the ring can disen-
gage. Tubular rivets are used for easy installation and removal, thus
preventing damage to the disk.

The blade attachment dovetails, as shown in figure 20, are designed
to transmit the radial forces, axial and tangential bending moments, and
torsion into the disk rim. Table 7 shows the design criteria used for
the JTF17 engine. All root designs are further verified by extensive
laboratory photoelastic tests and analysis. See figures 21 and 22 for
stress comparison with other P&WA engines. U

LB
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Figure 19. 2nd-stage Blade Lock FD 16339
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Figure 20. Typical Blade Attachment FO 16540
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Table 7. Blade to Disk Attachment Stresses I
(See figure 20.) Maximum

Allowable
First Stage Second Stage Stress
JTF17 JTF17 Ratios**

Speed- RPM 5800 5800 5
L

Blade Information
0Temperature, F 596 676

Material AMS 4928 AMS 4928
0.2% Yield Strength 71,000 69,000
Blade Stresses

Neck Tensile, psi 21,400 14,680
Stress Ratio 0.301 0.212 0.30

Bearing, psi 64,400 55,080
Stress Ratio 0.907 0.798 0.90

Bending, psi 17,121 12,290L
Stress Ratio 0.241 0.178 0.50

Shear, psi 14,59• 10,250
Stress Ratio 0.205 0.148 0.25

Combined, psi 38,600 26,920
Combined Allowable, 46,000 41,200
psi

Disk Information

Material AMS 4928 PWA 1202
Temperature, 0F 580 660
0.2% Yield Strength 72,030 73,200 r

Disk Stresses [
Lug Tensile 24,850 15,200

Stress Ratio 0.360 0.208 0.45
Bending 14,750 21,550

Stress Ratio 0.205 0.299 0.50 U
Torsion 5,160 6,3L0

Stress Ratio 0.072 0.087 0.20
Combined 39,600 36,900

Stress Ratio 0.550 0.505 0.55

Minimum
GeometrIc Limits Limits

Lug Z Ratio 3.640 5.809 1.45
Blade Root Z

Ratio 4.014 4.035 4.00
Neck Ratio 0.854 1.056 0.8
B/2 Limit 1.022 0.974 0.5
R Factor 0.818 0.734 0.3

SStress Patio Actual Stress
C.2% Yield Strength
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Figure 21. Blade Dovetail Combined Stress FD 16304
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Allowable blade attachment stresses and geometry limits are based on

empirical formulas developed by experience on such engines as the JT3D,
JT8D, JT4 and J58. The geometric limits established are as follows:

1. The root attachment length must be equal to at least 1/2 of the Li
axial chord of the blade to provide optimum airfoil root support.
This relationship is termed the "B/2 Limit".

2. The "Root Z Ratio" requires the bending strength of the blade Li
attachment (Z Root) to be four times greater than that of the
airfoil root (Z foil) in order to prevent root fatigue failure.

Root Z Ratio a Root) a4.00
(Z Foil)

3. The "Lug Z Ratio" requires the bending strength of the disk lug I
(Z Lug) to be 1.45 times greater than that of the airfoil root
(Z Foil) in order to prevent lug fatigue failure.

Lug Z Ratio (Z Lug) >(Z Foil) 1.45

4. The "Neck Ratio" controls the relative size of the blade neck
with that of the disk lug neck and requires that the disk neck
thickness with better forging properties due to its configuration
be at least 80% of the blade neck thickness.

Neck Ratio - Disk Lug Neck > 0.80
Blade Neck

5. The "R" Factor: controls the load distribution due to the airfoil
root angle on the attachment so that proper loading of the acute
angle surfaces of the blade dovetail is assured and excessive
stresses on the obtuse angle surfaces are prevented. This uneven
stress distribution is the combined result of gas bending moment
plus the torsional moment caused by the dovetail centerplane being
other than a right angle.

Root attachments for titanium parts require the use of radius under-
cuts at each end of the bearing face. (See figure 23.) Based on J58
Mach 3+ experience, the undercuts greatly increase the life of root attach-
ments by eliminating the highpoint contact loads that can occur when the
corner radii of the disk and blade interfere. If wear, local yielding,
or redistribution occurs in the root attachment, the undercut also prevents
the buildup of a high point on the neck radius. If the blade is assembled
in a new disk or in a different slot in the same disk, the high point can
interfere and cause a stress concentration. U

r

1.
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Figure 23. Root Details FD 16213
hA

(5) Vanes and Cases

Since the useful maximum temperature range of titanium is from 8500 to
950OF and is above the highest operational fan temperature, it can be used
liberally throughout the fan section for lightweight design.

The parts life requirements shown below are established on the basis
of the general engine partA life requirements described in Section I.

(Introduction to Report B).
Required Actual

L Front Mount Case 50,000 hours >50,000 hours
Fan Stators 10,000 hours >50,000 hours

The ist-stage fan stator is full length and the 2nd-stage stator

incorporates an annulus splitter, separating primary engine flow from the
duct flow. (See figure 1.) The vanes are mechanically attached to the

F" supporting cases to obtain beneficial damping and facilitate replacement.
-The stators behind each blade row are axially spaced to minimize this

source of blade-to-vane passing frequency noise. Inlet guide vanes for-
r ward of the fan rotor were not used, eliminating one source of blade-to-
L vane passing frequency noise.

Airfoils are forged and riveted at both the inner diameter and outer[ diameter of the 1st-stage stator to permit casy replacement of individual

vanes. The 2nd-stage stators are also forged and mechanically attached

BIIA-25[ C UNFIDENTIAL
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to obtain beneficial damping. An inner platform seal ring at the stator
ID and a knife edge seal on the first stator retard recirculation leakage
around the stator. The seal lands are serrated construction to provide

Sbetter sealing than conventional solid lands because of the tighter running
clearance permissible.

Commercidl engine experience has indicated that 1st-stage blades and
vanes are susceptible to foreign object damage in service. For this
reason, it is required that the JTFl7 design permit horizontal removal --
without disturbing the bearings or disassembling the front mount case --

of individual 1st-stage blades, the 1st-stage rotor assembly, or the fan
module, which consists of both rotor stages and the 1st-stage stator
assembly.

The detachable fan splitter nose and forged foot-bolted construction
of the 2nd-stage stator, and the fan exit guide vane permit ready access
to this area for individual vane replacement. In addition, the vane in
the duct is slotted to improve stator efficiency by proved means of bound-
ary layer control. Pratt & Whitney Aircraft's experience in the STF200
and research rigs have proved the aerodynamic feasibility of slots.
(See figure 24.).

Section A-A

Figure 24. Slotted Duct Exit Guide Vane FD 16231
IIA

The fan is designed so that the required maneuver loads shall not
cause any permanent deformation. (See figures 6 and 7 for Boeing, and
figure 8 for Lockheed.) (The primary limiting design modes for each ll
major part are shown later in tables 9 and 10 in the Materials Summary;
paragraph (9), following.) Because of the low temperatures of the fan,
all structural limits are based on yield strength (0.2% YS), deflection, u
or buckling (1.3 margin).

The ability to maintain minimum blade tip clearances is self-explan-
atory criteria. High local radial deflection in the front engine mount
case is isolated from the tip clearance region by the double-wall
construction.

The wall thicknesses of the fan cases in the JTF17 have been designed
to ensure blade containment. Containment is provided by all material
external to the blade. Thus, the fan containment case consists of the u
inner shroud and the outer case combined.

U
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Prior to the use of fans, the criteria employed to ensure containmentequated the potential energy absorption capacity of the case to the

kinetic energy of the blades released. While this method yielded generallyacceptable results for high compressors and turbines (figures 25 and 26),tests revealed that the energy absorption was not sufficient for the largerdiameter fans. The blade impact was determined to produce intense localcompressive stresses that caused a portion of the case to be sheared before
the energy could be absorbed.

A technique has been developed to provide a type of containmentanalysis that employs the shape of the failed blade and the dynamic shearstrength of a localized section of the engine case. This method has pro-vided consistent results in tests using actual blades and engine cases.From many tests, a factor has evolved that relates the actual blade velocityat impact to the total velocity of the same weight 'lade required to shearthe case. Experience defines this factor. (See figure 27.)ii In the JTF17, shear criteria has been used to size the fan case. The
shear criteria was also used for the compressor and turbine sections asr well as the energy criteria. Table 8 shows the actual containment factors,t.shear and energy, provided in the engine.

"Ii Containment Capebility of cases is judged by a "containment factor,"
that is empirically obtained from test.S .This containment factor (CF) relates case energy absorption
potential (PE) to blade kinetic energy (KE)

CF = KE (All Blades Instage)PE (Of all cases surrounding stage)

For unshrouded blades CF = 0.25
Shrouded blades CF = 0.12
(such as turbine stage)

0.4,50

0.400
0: C Compressor Experience

0 (Unsbrouded Blades)

6-IM

F e 2. Cn EContained"04 C.. 3 6otie

SZ i ',--Recommended Minirnum (0.25-0)

E'-C 0.200 ..

oo 0.150•

SFigure 25. Containment Experience FD 16232

IIA
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Figure 27. Containment Ex~perience Based on FD 16233
Shear Penetration Testing hIA
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Table 8. JTF17 Blade Containment

Stage Shear Criteria Energy Criteria
(See figure 27.) (Sec figure 25.)

Factor Allowable Factor Allowable
[Min Min

First (Fan) 0.68 0.68 11.3 8.6
Second (Fan) 0.68 0.68 12.6 8.6
Third (Compressor) 0.772 0.68 0.25 0.25
Fourth (Compressor) 0.772 0.68 0.263 0.25
Fifth (Compressor) 0.772 0.68 0.322 0.25
Sixth (Compressor) 0.772 0.68 0.264 0.25
Seventh (Compressor) 0.772 0.68 0.379 1 0.25
Eighth (Ccmpressor) 0.772 0.68 0.475 0.25
First (Turbine) 0.890 0.68 0.250 0.250[I Second (Turbine) 0.755 0.68 0.120 .0.120
Third (Turbine) 0.702 0.68 • 0.120 0.120

F- A containment failure involves an impulsive load of infinitely short
duration that results in an extremely high strain rate (approximately
100,000,000 times greater than standard tensile test strain rates).
High strain research indicates that the true energy absorption and shear
capability of a material varies with strain rate, generally increasing
substantially with increased strain rate.

Material dynamic shear factors have been obtained by Pratt & Whitney
Aircraft through ballistic testing of materials at velocities related to
"blade impact and subsequently verified by whirl pit testing with actual
blades and cases. Figure 28 shows the relationship of dynamic shear
factor to static tensile for a variety of materials.

6 
--F___ 

_ _

SO AMS 5510 (Q"-)
5 AMS 5540...

0AMS 554 Values Obtained from Ballistic Tests
G AMS 5524 Shear Capability = DF X Tensile Strength

.~ 4

AMS 5536

3 AMS 5504 Rc20 AMS 5542

GAMS'4910 (Ti)
I PWA 120'2 (Ti)

2 ..... 0 uAMS 4928 (Ti) ",

PWA 1.030 (Wasp),

AMS 5504 Rc42

60 80 100 120 140 160 180 200

STATIC TENSILE - psi (Thousand)

Figure 28. Dynamic Shear Factor vs Static FD 16279
Tensile Strength IIA
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(6) Intermediate Case /

The intermediate case, which is the section between the fan and the
compressor, is the support for the No. 1 and No. 2 bearings and also the D
major support for the gas generator.

The intermediate case is designed to carry the radial and thrust loads
of the No. 1 and No. 2 bearings, thrust load, shear torsional load of the 0
gas generator, and the main engine maneuver loads. In addition to these.
loads, the intermediate case must withstand the unbalance forces caused
by blade loss and supplement the 2nd-stage fan OD liner in providing blade 0
containment.

Tha basic structure of the intermediate case is a titanium weldment f
utilizing AMS 4966 (A-110) forgings and AMS 4910 (A-110) sheet. Butt
welded joints will be used on all attachments by welding to integral,
machined, contoured standups in the wall forgings. (See figure 29.)
This construction has the decided advantage of having all welds loaded in
simple tension or compression. Areas with combined bending stresses will
occur in parent material away from the welds and heat-affected zone. p

i Li

Butt Welded Joint ck

Butt Weld

Figure 29. Intermediate Case Basic Structure PD 17666 jI
IIAu

The struts are fabricated from a combination of sheet stock and
forgings and an2 butt welded to airfoil contoured platforms that are an Ljintegral part of the wall rings.

Vane to shroud craccing experienced in service on the JT3D inlet case
has led to the standup foot butt weld design. Cases such as the JT3D
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diffuser case, naving overiap joints, which are either fillet - or
resistance-welded, have proved generally much less reliable in field
service than butt welds.

The repairability of this intermediate case, therefore, must be judged
on the following:

1. The butt-welded joint, removed from the corner stress con-
centrations, results in a more reliable case having fewer
cracks.

2. When and if cracks do occur, they are much easier to rout out
and clean preparatory to welding, since the joint is accessible,
thus ensuring successful repairs. A crack in an overlap joint
is inhierently impossible to clean.

Of the eight struts in the primary engine stream, four are increased
in airfoil thickness to house the towershafts and the lubricating oil
drain line. The struts are oriented and spaced as shown in figure 30.

Top
L

•S • S
45* 8 s0

-L (5oI5(rN
L I

Lockheed Installation Looking Aft
Engine Flow Path Flow Path Top

(I D) (0 D) L
•~SS

,4o45*.X

S = Small Strut L
L = Large Strut L

Boeing Installation Looking Aft

Figure 30. Intermediate Case Strut Orientation FD 16283
.IA

The large struts were sized to accept a towershaft enclosed in a
sleeve to maintain a nominal air space around the sleeve to insulate
against oil coking. The sleeves connect the bearing compartment w'ith the
gearboxes and carry oil or breather air. The bottom strut has the
sleeve only, and is used to drain oil from the bearing compartment to
the s,=p on the outside of the engine. This strut is also used as an
overboard drain in the event of oil collection in the vent system.

The small struts are used for oil supply, seal air supply and seal
air overboard vent. The oil supply J.ae furnishes pressure oil to cool
and lubricate the No. 1 and No. 2 bearings, the gears, and towershaft
b~arings, and to cool the rotating shaft seal plates.

BIIA-31



Pratt&Whftney Aircraft
PWA 1? 66-100
Volume III

Seal pressurizing air from fan discharge is supplied to the hydro-
static seals. The qtrut is used to carry the air from the fan discharge
duct of the engine to the inner cavity. At the inner end, the air is
picked up and ducted to the seals.

The remaining two small struts are used tc vent the seals to ambient
overboard pressures. The cavity around the bearing compartment, and all
of the struts, comprise a plenum that is at ambient pressures. The 1
two vent struts hav• flanged connections at the outside to connect to the
airframe overboardivent lines. (See figure 31.)

I H
Li

C-------- Attachment Flange-'

A
Front View Side View •

Section A-A

Figure 31. Intermediate Case Overboard Access FD 16284
for Seal Vent IIA

The bearing compartment has been designed as a separate and removable
part with the rotor bearing supports independent of either the compart-
ment or the intermediate case. This simplifies the intermediate case
structure and permits the removal of close toleranced bearing housing and/
or supports if weld repvir is required on the case. It also makes those !
parts most subject to damage replaceable. L I-

Replaceable bushings or liners will be used at all points where wear
might occur and cause damage to the main case.

The intermediate case was structurally analyzed for the combinati'-n
of engine loads, maneuver loads, and aerodynamic loads. The outer
shroud forward of the struts is limited in thickness by buckling. The
ring behind the inner struts, which cprries the front of the gas generator,
is also limited by buckling.

The loads from the bearings and gas generator are carried to the outer
ring and shroud through the struts. The strut loads are distributed into
the case through integral rings that are stress limited. Z

The inner conical supports for the bearing compartment are deflection
limited.[

The low rotor speed will be indicated by a signal from inductive
pickups installed in the intermediate case approximately on the center- ri
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line of the 2nd-stage fan blades. (See figure 32.) The pickup will be
excited by the passing frequency of titanium fan h1:lde tips. This signal,
by means of an amplifier, -,ill be int.nrsified by a raLio of 1000:1.

2nd-Stage 2nd-Staye
Pikp Rotor Shrot IPickup-L, °" /

Inte.- ediate
Case

abhle

ii Fan Mount

Jackscrew HoleV

Figure 32. N1 Speed Pickup FD 17501
ilA

The inductivc pickup on the fan blades was selected to be used as it
has proved to be rugged, lightwieight, and easy to install.

The pickup will be replaceable from the outside of the engine while
installed in the airframe.

(7) No. 1 and No. 2 Bearings Compartment

The compartment which contains the No. 1 and No. 2 main bearings is
located aft o. :h'. fan section and housed inside the intermediate cpse.
This compartment houses the main engine thrust bearings and seals and the
-,ear trains for the three accessory gearbox drives. Figures 33 (loein,)
and 34 (Lockheed) show an end view of the drive arrangements.

The No. 1 bearing takes forward thrust for the low (NI) rotor shaft.
The No. 2 bearing is the front support for the compressor (N2) rotor and
tekes rearward thrust. These bearings incornorate flanged races offering
the advantage of providing a postive anti-rotation attachment and weight
saving. Previous bearing retention practice, using a nut and lockwasher,
had to rely on high assembly torques and in some cases left hand threads,
depending on the direction of rotation, to preclude race skidding. These
high torquz., often require special hydraulic tool wrenches and are -more
sensitive to obtaining the required preload than multi-bol-ted f1a,-gCd
bearings. The flanges also cure a possibic misassembly problem exi'sting
with non-flanged bearings.
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Seal Air K
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Figure 33. Bearing Compartment - Boeing PD 16439
IIA

Airframe Power Takeoff Gearbox Driv4

AierbSeal Air Seal
Oventar Overboard [
Clamp

O il In

Seal Air-
supply >

ScnayAccesory N2  ilDanMain Aecccsory

View L&..king Aft

Figure 34. Becaring Compartment - Lockheed FD 16438
HIA
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The No. I and 2 thrust bearings are each supplied with oil through
the inner race. This oil supplies the lubrication and cooling of the inner
race for maximum life of the bearings. Oil noles in rotating parts are
drilled at a minimum angle of 10 30' with the rotational axis to provide
centrifugal pumping to keep the passage clear or washed of dirt or sludge

accumulations. This assures maximum heat transfer fro;. the cil to the
-lean passage and prevents eventual clogging due to stagnant sludge.

The AMS 5667 (Incone!) bearing supports are renovable from the sup-
porting intermediate case. This meets both the requirements of "bearIng
removal from the front" and "independence from distortion on c-itical
mounting surfaces due to large weldment repaits".

The No. I bearing is located close to the ran rotor cencer of grav-
ity to provide the required low rotor critical speed margin. Considera-
tions of fan assembly removal and bearing failure modes and effects analy-
sis resulted in the Jilrli configuration, which places the No. 1 bearing
on a sleeve, isolated from the diect torque path between the turbine
and compressor. This dosign approach meets the reliability criteria of

V- compressor-turbine torque drive integrity.

In protecting against turbine-compressor separation resulting from
bearing failure, the criteria applied to thrust bearing placement is to X
create a heat dam such that the torque driving shaft is protected until
a "slow down" by energy absorption is accomplished.

- ThIs bearing compartment contains four hydrostatic main shaft seals.
- The concept of the hydrostatic static seal, while covered in more detail

in Volume III, Report B, Section II, paragraph G (Seals avd Bearings), is I
briefly as fcllows. Basically a modified conventional carbon seal and

L• piston ring configu-.ation, the hydrostatic differ6 in that a thin film
of air separates the stationary carbon seal interface from the rotating
seal plate. In order to maintain the air film, air must be supplied
to the interface at a pressure higher than either the oil compartment
or the environment external to the compartment. This air tien 1lows inboth directions, into the compartment and out-board external to the com-
partment. (See figure 35.)

As added pcvtection, the air which flows outhoprd of the interface
is collected in a manifold formed between the hydrostatic carbon and aSsecondary labyrinth seal. The manifolding serves two functions - it
controls the seal thrust balance to a minimum pressure level, thus
requiring supply air from a cooler source, and it serves as a backup
chamber through which to exhaust any possible oil vapors that might get
past the main seal.

There are two main seals for each rotor shaft (NI & N2 ). The seal
pressure air is supplied from fan dischatre air extracted off the duct
passage inner wall. (See figure 36.)

The seal leakage air collected in the manifolds is directed out
through the intermediate case to be ducted to overboard ambient. (See
figure 37.)
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Figure 35. Hydrostatic Seal System FD 16568
IIA
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Figure 36. No. 1 and 2 Bearing Compartment FD 16428 ~
Seal Supply Air System IIA
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Figure 37. No. I and 2 Bearing Compartment FD 16429

Dump Air System IIA

As the source of seal pressure air (fan discharge) is internal, addi-

tional pressure is re".ired to keep the seals closed during start and
shutdown. This pressure is obtained from several coil springs reacting
with a total of 10 Dounds for each seal. This spring force also acts

as a backup in the event the pressurizing air is not available to the
carbon interface due to windmill braked engine condition or malfunction
in Lhe supply lines. The rotating seal plates receive cooling oil from
"the bearing inner races for a source of heat rejection which is needed

only when the air film breaks down due to one of the above conditions.

Each seal assembly is prevented from rotating by three anti-corque

pins. Development on the J58 resulted in the replaceable pin sleeve
concept used on the JTFI7. This AMS 5759 (L-605) sleeve, by means of its

square periphery, also affords lcnger initial wear by utilizing area

The No. 1 and 2 bearings compartment also houses the main engine bevel

gear train, which supplies power from the N2 rotor to drive the main

accessory gearbox, airframe power takeoff gearbox, and the secondary
accessory gearbox drive. The main drive gear is attached to the high
rotor shaft with a double piloted spline, and secured with a nut and lock-

washer. The main drive gear drives three bevel pinion gears, which in

V turn drive the various required accessories. Each pinion drive is made
as a package unit that is installed into the intermediate case. Each of
the pinion drive assemblies has one roller bearing and one ball bearing.
The roller bearing is located as close to the gear as possible to transmit

r" the radial loads. The ball bearing transmits the thrust loads. All the

accessory bearings incorporated anti-torque features built into the bearing

to preclude the possibility of race spinning.

The main pinion shaft is designed to incorporate a removable pinion
gear. (See figure 38.) This has a dual purpose because it allows the

p• gear to be replaced without replacing the whole shaft; however, the
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Volume biggest advantage is the ability to use smaller bearings for the power
takeoff drives, thus reducing the weight. Because the size of the tower-shaft is determined by critical speed, the one-piece pinion gear shaft

made it necessary to size the bearing so that the ID would pass over the v
towersheft; however, the split pinion gear shaft eliminates this andprovides the lightest weight design.

2nd-Stage Fan Hub ~ 1Bann sd NO. I R-earing-.
N.Isa No. 2 Seal Removable Pinion Gear

/ INo. Bea2 n
No. 4 Seal

L•

t7 i
Compingo

Front Hub

Tower Shaft

Figure 38. No. 1 and 2 Bearing Compartment FD 16431
Hydrostatic Seal Arrangement IIA

Gear alignment and tooth mesh control is accomplished by controlling
the tolerances. Ground spacers were eliminated because they can be
incorrectly assembled and cause costly repairs. Experience on the J58
engine, using the controlled tolerance methods for aligning the gears,
has been very successful. [I

Lubricating oil for the No-. I --e 2 b~-5ngs compartment is piped
through the ir-rmretlate case itz:L :he compartment. The oil is then
distributed inside the bearing compartmt-,c to the main engine thrust
hPPrns, seal face plates, gears, and accessory bearings. Each lubricated
part of the compartzent is supplied by a metering orifice. The oil
supplied is filtered through a "last chance" filter located outside of the V
intermediate case for ease of maintainability. The scavenge oil is
returned by gravity through the bottom intermediate case strut to a sump,
outside of the intermediate case. The scavenge system is designed to
provide adequate scavenging of the oil for 30 seconds at the following
attitudes; nose up 30 degrees, nose down 25 degrees, and roll + 45
degrees.

The No. 1 and 2 bearings compartment will breathe t' ough the three
S * towershafts into the three gearboxes, and in addition through the q1l

drain passage. This design eliminates the nceu for separate breather
lines.

All the :etaining spanner nuts will usa a specially designed lock
washer that is installed after the nut is torqued and then secured by
a locking ring. This is superior to locking devices that are installed
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behind the nut. Previous experience has indicated that damage to the
locking tabs occurrce durin- the torquing of the nut. This improved
locking device eliminates any chance of damage to the locking tangs and
ensures a positive lock.

Maintainability was a primary consideration in the design of the
No. 1 and 2 bearings compartment. Varioub designs were studied to obtain

i one permitting removal of the bearings, seal3 and bevel drive gear train
without further engine disassembly.

By rceesigning the forward fLn hub it is now possible to remove the
fan tisbolts without removing the No. I thrust bearing, as was necessary
in the initial test engine. This allows the turbine shaft to be supported
by the No. 1 thrust bearing in the event that only fan work is required.
The No. I thrust bearing can now be removed by simply removing the forward
cover from the intermediate case and removing the bearing. The whole
center section of the compartment can be removed as a unit by simply
disengaging the towershafts with a retractable mechanism on the three
gearboxes so that gearbox removal is not required. By disconnecting the
seal joints and the bolts that attach the center portion of the compart-
ment to the intermediate case, the entire center body of the compartment
can be removed as - unit for repair or inspection.

With the center snction removed, the main eiigine drive gear and No. 2
bearing can be removed along with the rear seal assembly. The removal of
the No. 2 bearing from the front of the engine without removii-- the inter-
mediate case results in the following estimated time savings foi replace-
ment.

Elapsed time Man-hours

Initial experimental engine 242.0 1936.0
Redesign 26.5 95.0

The split intermediate case offers the advantage of bearing compartment
inspection without disassembly of the compartment. In addition, 4t is
possible to replace portions of the intermediate case if failures occur.

A review of the Pratt & Whitney Aircraft inflight shutdown records for
commercial jet engines now in operation shows that some inflight shutdowns
were attributed to bearing failures. The primary failure modes for bearings
are fatigue overheating (due to poor lubrication and misalignment), and
spinning of the bearing races. The twin-spool turbofan design uses four
main engine bearings rather than the conventional seven-bearing configura-
tion. This decrease in the number of main bearings reduces the complexity
of the engine, reduces the number of vibration modes, eliminates complicated
bearin' alignment problems, and reduces significintly the number of critical
parts. Fifty percent of the inflight shutdown in the JT3D engines were
attributable to intershaft bearings that were eliminated in the JTF17

Sengine.

Both thrust bearings are located in the forward section of the engine
where it is relatively cool.
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The primary reason tor bearing failure is fatigue. This problem has V
been improved by using bearings madt! from consumable electrode vacuum
melt. C

The functions of the bearing oil supply are first, to cool, and,
second, to lubricate. This de.ign minimizes the heat generated in the
bearing due to the churning of oil by supplying the major portion of the F!
oil through the inner race for more efficient cooling.

(8) Product Assurance Considerations F
Maintainability

I. Provisions are made for easy removal of the fan as a tI

complete unit, for removal of the first stage, and fo!
removal of individual 1st-stage blades. Both thrust
bearings are also easily removable from the front whila
the engine remains mounted.

2. The number of parts, bolted joints and sliding joints are
L.Inimized.

3. Standard tools and fasteners are used wherever possible.
4. Configuration of joints consider minimizing risk of incorrect

assembly. I
safety

I. Fan cases have been designed to contain failed blades,
thereby preventing catastrophic engine failures.

2. The fan rotor is designed to withstand rotor overspeed due
to duct nozzle failure. I

Growth Potential

i. The twin spool turbofan engine lends itself to increases
in engine thrust with increases in fan blade tip diameter.

Reliability

1. Both disks are mounted on double piloted hubs and are
not dependent on the tiebolts alone to maintain the
integrity of the rotor.

2. Disks ha--e adequate burst and yield margins independently
of the axial rim spacer.

3. Blade lock rings must lose all rivets and rorate nefore
a blade may come loose.

4. The fan is designec to withstand blade loss without losing
the rotor integrity.

5. The double-shrouded blades can withstand surves and bird
Ingestion.

6. There are no identical snap diameters in the rot(,r which
might pormit m assembly.

7. All rotor retention fertures, rivets, tabloc-ks, etc., except t
the 2n0-Astage blode lock ring, are visible for inspection
from the -ront of the ergine.
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8. Blades cannot be installed backward.
9. Fabrication methods, welding, brazing, and riveting techniques

are evaluated for all parts to ensure that good inspection
methods can be used. Where forging grainflow is required, the
consideration is made to integrate functional shape to good
forging practice. Material selection also gives consideration
to quality predictability. Past experience has resulted in
the source control method by Pratt & Whitney Aircraft engineering
on certain material processing and manufacturing techniques.

Value Engineering

1 1. The rotor has a minimum number of parts. Pubn and disks are
rntegral, thereby reducing the number of forgings required

which are a large portion of the total cost.
2. Blade material is A14S 4928 and is less costly than PWA 1202f which was used on the initial experimental engine.

(9) Materials Summary

Tables 9 and 10 list the material selected for the major components
of the fan and intermediate case. Also included is a representative
critical metal temperature and the primary design criteria. In general,
titanium alloys are used wherever possible to take advantage of the high
strength-to-weight ratio. J58 experience has established the maximum
metal temperatures and stress levels for this material although an
aggressive development program of new alloys is also in process.

A very important advantage in the use of titanium for disks in a
supersonic engine is that the low thermal expansion and modulus of a
material increase its capability to sustain greater temperature gradients
or improved LCF life for a given gradient. A detailed discussion of this
appears in the Compressor Design Approach in subsection 2.

Many of the other materials selected for this engine are based on
good performance and fabricability in the J58 Mach 3+ environment.
Figures 21 and 22 present experience with titanium on other P&WA engines.

Table 9. Fan Stator Material

Part Name Material Typical Standard Limiting
Day Cruise Mode

Temperature, OF

Mount Ring and Fan Case AMS 4966 (A-110) 625 Stress, Con-
tainment, and
Buckling

1st-Stage Shroud AMS 5613 (AISI 410) 540 Vibration
1st-Stage Stator AMS 4928 (6A1-4V) 575 Aerodynamics/

Stress
2nd-Stage Shroud AMS 5613 (AISI 410) 625 Manufacturing
"Duct Exit Guide Vane AMS 4928 (6AI-4V) 655 Aerodynamics,

Manufacturing
Splitter Nose AMS 4966 (A-lIO) 655 Aerodynamics
2nd-State Stator ,'MS 4928 (6AI-4V) 655 Aerodynamics,
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Table 10. Fan Rotor Material L

Part Name Material Typical Standard Limiting
Day Cruise Mode [

Temperature, 0F

1st-Stage Disk and Hub AMS 4928 (6AI-4V) 530 Yield2nd-Stage Disk and Hub PWA 1202 (8A1-l MO-lV) 620 Yield

Rim Spacer PWA 1202 (8A1-l MO-IV) 560 Yield
Rotor Tiebolts PWA 1010 (INCO 718) 540 Yield
Shaft Spanner Nut PWA 1010 (INCO 718) 500 Deflection
No. 1 Bearing Com- AMS 5754 (Hastelloy X) 560 Machining
"partment Primary
Labyrinth Seal ..
Ist-Stage Fan Blade AMS 4928 (6A1-4V) 550 Ingestion
2nd-Stage Fan Blade AMS 492,8 (6A1-4V) 1630 Vibration
1st-Stage Blade AMS 4928 (6AI-4V) 530 Yield (local
Lock Ring bending)
2nd-Stage Blade AMS 4928 (6A1-4V) 610 Yield (local
Lock Ring bending)
lst-:tage Rear KE Seal AMS 4928 (6A1-4V) 550 Machining p

2. Compressor 5
a. Design Description

The basic function of the compressor is to continue the compression
of 298.7 lb/sec of the 687 lb/sec fan air to an overall engine pressure [
ratio of 12.97 (takeoff conditions) for the gas gqnerator portion of
engine. The major portion of this compressor air is directed to the fT
primary combustor; however, small amounts are extracted for airframe
cabin pressurization, anti-icing, engine duct heater fuel pump drive
power and compressor and turbine cooling.

The compressor (figure 39) consists of a variable inlet guide vane
and six stages of compression. The compressor rotor is on a separate,
high speed spool relative to the fan. This permits the fan and the
compressor to rotate independently at the most iefficient speed relation-
ship for each rotor system. It is thus possible to match the widely
varying operational flow requirements of the engine without use of
variable compressor geometry downstream of the compressor inlet guide
vanes. A variable inlet guide vane is, however, provided at the com-
pressor inlet to serve the dual function of braking the high rotor
and to provide some compressor matching over the operating range.

The compressor rotor consists of six bladed disks and a front and
rear hub which are held together by axial tiebolts. Disk spacers are
an integral part of the Ist, 3rd and 5th compressor disks (3rd, 5th
and 7th disks are observed from the front of the engine). Compressor
disk cooling is provided to minimize low cycle fatigue gradient effects.
The cooling air is introduced to the inside of the rotor by anti-vortex
tubes between the second and third disks. The first compressor blades
incorporate a mid-span shroud for torsional stiffness, and to damp any
possible first bending mode vibration excited by the widely varying
inlet condition. The remaining blades are unshrouded.

BIIA-42 CA



CON1FIDENTIAL Pratt a Whftney Aircraft
PWA FP 66-100

r -__-___\___, .. __•;__ .. -

Va . r [ " '. . .

Inlet Guid# . -LMý.and Windmill rake--- -

l. * mlili7l•, ii¾• •
ý:ldVal".

L•
nerdatCa..

Figure 39. Compressor Assembly FD 17668
IIA

The compressor vanes are retained and supported by shrouds at both
the inner and outer diameters. This double (guided cantilever)
support provides positive retention of damaged blade. and avoids

._ v.brational problems of single ended vane support. All compressor
cases are continuous rings as airline service experience has shown
that split cases warp and are difficult to assemble after overhaul
with attendant increases in blade tip clearance and performance losses.
Circumferential knife edged seals supported from the rotating disk
spacers form a low clearance air seal with a ring secured to the inner
stator shroud to prevent circulation of air around the stator ends.

The cases surrounding the compressor (and fan) are designed to
retain failed blades.

An interstage bleed at the discharge of the 3rd compressor stage
is provided to assist in start and idle operation.L.

Turbine power is transmitted through the compressor to drive shafts
in the front intermediate case, which in turn furnish power for ac-[ cessory drives. The compressor-low turbire rotor (N2 ) rotates at
8220 rpm at sea level takeoff.

[ b. Design Objectives and Requirements

The design objectives and requirements for the compressor and con-
sistent with those for the engine as stated in Scotion I of this report.

L Specific objectives for the design of the compressor are:

1. High performance, stable operation, light weight
2. Structural integrity and safety
3. Ease of maintenance
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4. Life consistent with 50,000 hours airframe life
a. Front and Rear Compressor Hubs 50,000 hours
b. Compressor Disks 20,000 hours
c. Compressor Zee Spacer 50,000 hours
d. Compressor Blades 50,000 hours
e. Compressor Stators 50,000 hours
f. Variable Inlet Guide Vanes 50,000 hours

The disk life based on the detailed design is summarized later in
table 18. All other major components exceeded the 50,000 hour life
requirements.

c. Design Approach

(1) Compressor Aerodynamic Desi;n

The six stage axial flow compressor is capable of supplying the
pressure ratios and efficiencies described in table 11 as well as t
supplying the transient and steady-state surge margia and distortion
tolerance defined in the Performance section of this proposal. It
is designed to accomplish this objective with the lightest weight [
and within a length consistent with the four bearing twin spool con-
cept. The blading operates at Mach numbers and aerodynamic loading
levels based on advanced technology rigs and engines as well as the I
SST initial experimental engine.,

Engine matching studies indicated that two points on the flight V
envelope would be critical to the JTF17 engine. These are the effai-
ciency and flow capacity of the compressor at cruise and the flow
capacity of the compressor at the takeoff point. These design require-
ments are also listed in table IL

Table 11. JTFI7 Compressor Performance

SLTO Cruise

Airflow absolute - lb/sec 298.7 118.4
Corrected Airflow - lb/sec 130.3 98.38 . .
RPM - Absolute 8220. 8274
RPM - Corrected 7034 5695
Adiabatic Efficiency - Z 85.9 86.8
Flow per Unit Ares - lb/sec/ft 2  36.46 27.53 1_

Inlet Total Temperature - OF 248 634
inlet Total Pressure - psia 39.4 25.71 2
Inlet Axial Mach Number (Actual Area) 0.496 0.340
Inlet Axial Mach Number (Effective Area) 0.540 0.367
Exit Axial Mach Number (Actual Area) 0.347 0.409 r
Exit Axial Mach Number (Effective Area) 0.380 0.471
Tip Relative Mach Number (rotor 3) 0.990 0.693
Tip Diameter (Inlet) - ft 3.162 3.162

Preliminary design work during Phase II on the compressor narrowed
the choice of configurations to a large diameter 5-stage compressor
and a 6-stage smaller diameter compressor. The 4-stage coupressor was U
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eliminated because it required wheel 4peed beyond the structural state-
of-the-art, whereas the 7-stage compressor reduced the efficiency poten-
tial at cruise due to stage mismatzhing. Aerodynamic and mechanical
designs of both a five and six-stage unit were carried through to design
layouts, so that a complete comparisoA could be made of both concepts.
See figure 40. The six-stage compressor yielded diameters which are

[7 more compatible with the elevation desired by a burner-turbine con-
V bination and is 200 lb lighter than the equivalent 5-stage compressor.

As a consequence, six stages were selected as the best design for this
Sf engine.

Iiii
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w The sffect of the compressor upon the engine capabilities was
continually reviewed as the design progressed to attach a relative

[j level of importance to the various design parameters. A good example

of this is the selection of inlet supecific airflow. A relatively
conservptive value of 37 lb/sec ft2 was selected because frontal area

is not as important in this location. However, an aggressive approach
Swas take~n in the selection of axial length since-engine weight is a

strong function of this variable. The chord lengths chosen for this
compressor are based primarily on the analysis of the data resulting

S~from the compressor rig program supporting the initial experimental

engine. The compressor designed and tested for the Phase II-C engines
was intentionally designed with the shzrtest possible chord lengths

S I- to obtain the lightest and shortest overall configuration. Based on
L this preliminary testing, some adjustments in sele'ctive stages will

be made. By using this development, the lightest and shortest final
configuration will result.

The detailed design of the compressor is essentially a three step
process. The three steps are as follows:

S r1. Selecting an internal flowpath

2. Selecting airfoil geometry capable of supplying the

pressure flow capacity desired.
3. Evaluating all the critical "off-design" operating conditions.
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This process is iterated upon with mathematical models until best U
overall performance is attained.

The parameters required to establish the internal flowpath are: F
1. Select axial Mach number distribution
2. Select stage pressure ratio distribution
3. Select stage type (reaction)
4. Select radial work and vortex distribution.

The axial Mach number at the inlet is established at 0.54 by the
selection of inlet specific flow. The exit value is established as a
result of minimizing the length and weight of the compressor and main
combustor diffuser. The compressor-diffuser combination is required [
to deliver airflow to the ram induction burner at a 0.25 Mach number
which is dictated by the allowable burner pressure loss. This can be
accomplished with a long diffuser and a compressor exit Mach number
or by a short diffuser and a low compressor discharge Mach number.
To maintain the design level of aerodynamic loading the number of
compressor stages must vary inversely with exit Mach number. For this
engine the best configuration occurred with a 0.38 compressor exit
Mach number. (See figure 39.)

The stage pressure ratio distribution is shown in table 12. The V
high flight Mach number cruise requirements require a stagewise dis-
tribution of pressure ratio different from subsonic engine practice.
(See figure 41.) The relative unloading of the front stages results [
in a compressor having efficient operational capability at the cruise
conditions as well as enhancing the distortion attenuation character-
istics of the compressor. [

Table 12. JTFI7 Compressor Performance

STAGE STAGE STAGE Fk
PRESSURE TEMPERATURE
RATIO RISE-OF

3 1.373 81 L2
4 1.347 78
5 1.318 77 V
6 1.288 76 i
7 1.255 73
8 1.220 68

The stage type (reaction level) and choice of radial flow pattern
are selected by balancing the range capability of each cascade against
the range requirement in going from sea level static to cruise. The

-t•age type and flc-: p..ttern are largely dictated by the allowable
- local aerodynamic loadings and Mach numbers. These values are listed

"in table 13. Th"e design limitations Arp as established by the NACA
Research Memorandum RME 561303 and by Pratt & Whitney experience with
advanced technology compressors.
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Figure 41. JTF17 Compressor Stage Pressure FD 17198
Ratios IIA

Table 13. JTF17 Compressor Aerodynamic Loading

.D-FACTOR AP/Q

ROTOR ROOT MEAN TIP ROOT MEAN TIP

3 0.434 0.419 0.420 . 0.474 G.480 0.478
4 0.419 0.410 0.425 0.437 0.446 0.456

0.402 0.402 0.417 0.433 0.447 0.465
- 6 0.382 0.397 0.429 0.419 0.442 0.470

7 0.373 0.387 0.421 0.424 0.443 0.472
S8 0.374 0.382 0.402 0.447 0.459 0.474

STATOR

3 0.420 0.408 0.414 0.447 0.416 0.385
4 0.400 0.402 0.417 0.396 0.386 0.363
5 0.407 0.422 0.455 0.421 0.431 0.434
6 0.381 0.396 0,427 0.394 0.398 0.394
7 0.406 0.414 0.438 0.413 0.409 0.392
8 0.464 0.472 0.493 0.426 0.405 0.375
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The second major step in the design of this compressor is the
selection of airfoil geometry. This again is established in three steps.

1. Select best airfoil shape L'
A 2. Select solidity and thickness ratios

3. Select camber levels f

The selection of airfoil shape or serS-s is directly related to
the relative Mach number and section angle of attack range require-
ments. (See figure 42.) The selection in the Pratt & Whitney system .
is based or over 40,000 hours of two-dimensional systematic testing
of cascades of airfoils. These data, when combined with the empirical
design'limits, allow the choice of the best airfoil shape for a given

ýrequirement.

0.10- ~~-F

S0.08

oo . [40.06I

~0.04- 0F
0o.02-

0
0 0.4 0.6 0.8 1.0 L2 1A 1.6p

MACH NUMBER

Figure 42. Series Airfoils - Loss PD 17504

Characteris tics IIA

The selection of solidity and thickness ratio is closely inter-
related with the structural and aeroelastic criteria. In general solid-
ity is selected high enough to give Dfactors(as defined in NACA RM 56
1303, D - (I -lV2) + Cu y/b) less than 0.5 and low enough to maintain r

at least 5% margin from aerodynamic choking to ensure low loss levels,
Thickness ratios are set as low as possible consistent with the required
structural integrity except at rotor tip sections in the rear of the
compressor. Higher thickness ratios than the structural minimum are
necessary to supply the necessary range of efficient cascade operation.
The values of gap/chord ratio and thickness ratios ate listed in table 14.

The selection of camber constitutes a major part of the overall design
process. It involves an initial selection, an evaluation of the range V

capabilities of that selection, and then a comparison of the capabilities il
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against the range requirements at the critical flight conditions (see fan
aerodynamic description for more detailed explanation).

Table 14. JTF17 Compressor Geometric Parameters

Gap Chord Ratio Thickness Ratio

L Rotor Root Mean Tip Root Mean Tip

3 0.700 0.812 0.909 0.079 0.059 0.041
4 C.705 0.808 0.399 G.087 0.078 0.043
5 0.680 0.759 0.831 0.088 0.064 .0.042

r 6 0.679 0.744 0.804 0.088 0.064 0.042
7 0.650 0.702 0.751 0.088 0.064 0.042
8 0.650 0.696 0.739 0.088 0.064 0.042

Stator

3 0.646 0.748 0.838 0.051 0.072 0.091
4 0.661 0.746 0.822 0.090 0.090 0.090
5 0.657 0.727 0.790• 0.090 0.090 0.090

S6 0.659 0.717 0.770 0.090 0.090 0.090

70.656 0.704 0.750 0.090 0.090 0.090
8 0.657 0.701 0.743 0.090 0.090 0.090

The compressor designed and tested in the initial experimental engine
program is described in the Performance section of this proposal. In
general, the compressor met its flow, efficiency, and pressure rise require-
ments at the cruise condition. At the high corrected speed conditions it
has surpassed the flow requirements and is significantly higher in effi-
ciency (3 - 5 pts,) than other highly loaded short-chord compressors at
the same stage of development, but still 4% lower than the design goal.
Surge margin also requires improvement.

There are several significant differences between the compressor de-

signed for the prototype and production engines and the compressor used[ in the initial experimental engine program.

1. Elimination of deep roots and the attendant root leakage. Extended
roots were used in the initial experimental engine to allow engine
running before vibration-free aerodynamic performance had been
developed. The reduction in performance was accepted as an expedi-
ent to allow successful mechanical operation. (See figure 43.)

S2. Elimination of variable geometry except for the inlet guide vane
(which has shown very low pressure losses).

3. Increase in clhrd length in areas proven critical in the initial
experimental engine compressor rig program.

4. Average running tip clearance is reduced as a result of running
cooler disk operating temperature.

5. Camber modifications indicated by the analyses of the multistage
rig, by analyses of NASA program (NAS3-7603) and by other P&W[ Research rigs.
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USSHALLOW ROOT PROTOYUPE ENGIN-E

, 44

DEEP ROOT INITIAL EXPERIMENTAL ENGINE- C

Figure 43. Revised Blade Attachment With FD 16562
Reduced Leakage IIA

In the first item listed above the mechanical design of the prototype
engine has resulted in reducing the leakage flow to approximately 30% V
of that in the initial experimental engine. Experience in the TF30 high S
compressor indicates 7% increase in pressure rise and 2% in efficiency is
obtainable by minimizing root leakage. It is estimated that prototype
pressure rise capability will be improved by 7% and the efficiency by 2%.

Elimination of the variable stator vanes will result in 1% efficiency
improvement. Experience with a TF30 compressor indicates that this improve-
ment can be as high as 3%. (See figure 44.)

0.907

40.80 -

r•Z Variable G

S0.70 y I

0.600 50 60 70 80 90 100

CORRECTED FLOW,

Figure 44. Difference in Overall Efficiency FD 17502 a-

Between Fixed and Variable IIA
"Geometry from TF30 HPC
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Increasing the chord lengths in those areas proven critical in the
initial experimental engine program will result in 5% improvement in pres-
sure rise capability. This is substantiated by a Pratt & Whitney Aircraft
3-stage rig devoted to the evaluation of short chord compressor stages
and by detailed evaluation of the Phase II-C compressor rig data.

Camber modifications are necessary to improve efficiency in a short-
chord design to allcw for a shift Jn the angular location of minimum loss
range and air turning capability. This will result in 2% efficiency im-
provement and 3% in pressure rise capability.

The combined effects of the improvements listed above will give a com-
pressor capable of operating at a pressure ratio of 4.84 and an efficiency
of 86%.

In addition to the performance improvements inherently "built in" to
the prototype high pressure compressor design other approaches are avail-
able for compressor performance growth. The first of these is the use of
slotted airfoils. A systemat:.c program aimed at the development of a
"design system for the use of slotted airfoils was started under NASA con-
tract NAS3-7603. Data from this program available at the present time
indicate a potential efficiency improvement of 3 to 6 points when applied
to the JTF17 compressor.

Slotted airfoil concepts that provide suction surface boundary layer
concroi and off-design life improvement for operational aircraft have been
applied with an encouraging degree of success to advanced axial flow com-
pressor design. Analytical and experimental effort associated with the
J58, JT8D, and TF30 advanced development programs involving slotted vanes
and rotor blades indicated a potential for slotted blading to reduce pro-
file loss at high loading levels and to increase operating range. In
addition to continued company supported effort to explore this potential
in two-dimensional cascade and full-scale engine compressor rigs, P&WA
is currently working on a systematic evaluation of slotted vanes and rotor
blades under NASA contract NAS3-7603.

An annular cascade investigation of slotted stator vanes was conducted
to evaluate slot geometry parameters and slot location to establish pre-
liminary slot design criteria for rotating rig blading. Configurations
were tested at slot locations of approximately 55 and 75% chord. Signif-
icant 1os3 reduction resulted, (figure 45) when the slots were located at
the 55% chord point.

The single stage rotating rig part of the NASA program involves tests
of three slotted rotor configurations designed with tip D-factors of 0.46,
0.51, and 0.61 and three stator configurations designed with hub D-factors
of 0.52, 0.60, and 0.70. The best slotted rotor and stator configuration
as determined from the above tests will be combined in a single stage test
to evaluate interaction effects. To date, two slotted rotor configurations
and one slotted stator configuration have been tested. A direc: comparison
of the same blade design with and without a slot is made in figure 45. A
nominal loss coefficient reduction uf 50% can be seen. Loading level
(D-factor) and deviation at the same incidence angle are not appreciably
affected by 'he slot; however, the decrease in loss permits operation over
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a larger incidence range which can be used to ad-antage in one or more of
several ways:' (1) increase surge margin, (2) increase distortion tolerance,
(3) increase loading level, (4) increase efficiency.

rIi

-C ,0.06 z5= zj- - j -

g 0.04-- - -

S, nslotted Data

0.0

I L'0.02 OilO

0.01- - - -I
Slotted Data

CO - - __(Cascade adý Rotating)

S0.30 0.40 0.50 0.60
DIFFUSION FACTOR, Df =1- + + Vg

V, 2a V1

Figure 45. Slotted Airfoil Loss, Characteristics PD 17505
HIA

Similar test results have been obtained with the slotted stator config- Y_

uration having a design hub D-factor of 0.60 (390 camber). The highly L
loaded slotted stator indicates a lower loss than the unslotted stator

that has less loading. The measured D-factor level for the slotted stator

is higher than the design value. Stator loss parameter values and loading

levels are compared in figure 45 with the annular cascade stator loss data
and NASA stator loss data.

If these data are applied to the SST compressor, significant efficiency

and/or pressure rise improvements are obtainable. Continuous P&WA effort

is directed toward maturing this concept for both structural and aero-

dynamic application to commercial power plants.

L
BIA-52

CONFIDENTIAL



1 Pratt & Whitroy Aircraft
PWA FP 66-100(7 "Volume III

(2) Windmill Brake - Variable Inlet Guide Vane (See figure 46.)

F (a) Introduction

With no windmill brake the JTFl7 engine will rotate at approximately
"80% of normal operating speed on the high pressure spool and 60% on
the low pressure spool when windmilling at the supersonic crui3e
conditions.

The variable inlet guide vwe to the high compressor has been
selected to provide the windmill brake function because it provides
large reductions in windmill speeds for minimum engine weight and
complexity.

Failure analyses completed for the JTF17 engine indicate that an
aerodynamic windmill brake on the high pressure compressor will permit

continuous supersonic cruise operation comparable to present commercial
subsonic engine-out operation providing fuel is circulated as a heat

L sink. If it is necessary to shut off the fuel, an emergency descent
to a lower flight Mach number is required to prevent the oil coking
and bearing damage which would result from the high ambient tempera-
ture. At the subsonic flight conditions the JTF17 will windmill at
significantly lower rotor speeds with the windmill brake activated

F than current commercial engines.

At the request of the airlines,further studies are being conducted
in conjunction with the airframe companies to evaluate engine weight
and complexity required for further improvements in engine-out per-

1. formance. These studies to further reduce low rotor speed will include
variable Ist stage fan stators, and variable fan exit vanes in conjunc-

r .tion with the high compressor variable IGV, or variable fan second stage
vanes. These studies could result in a system which would effectively
stop both shafts at subsonic conditions if increases in engine weight
and complexity are not excessive.

L The present IGV-windmill brake will reduce the low rotor windmill

speed to approximately 1400 rpm at cruise conditions and 500 rpm
at subsonic conditions, while the high rotor is reduced to approxi-
mately 100 rpm at cruise conditions and effectively stopped at
subsonic conditions.

U
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i Inlet Guide Vane

Figure 46. Coxmpressor Inlet Guide Vane FD 17667
Windmill Brake hA [

S(b) Design Criteria

The windmill brake must be capable of operating to brake position, on
pilot signal, at any point in the flight envelope. The windmill brake
must also be capable of movement to a restart position at any point in B
the flight envelope that is above the minimum windmilling restart envelope.

Control interlocks must be provided to ensure that primary combustor
fuel is shut off before actuation of the inlet guide vane to the brake
position. Continuing to supply power to the turbine, as the majority of
the compressor loac is removed, would result in overspeeding, turbineoverheatiag, or both. Similarly, the fuel must be supplied for a restartwhen the windmill brake is moved to restart position.

(c) Starting

An intermediate vane positian, between brake and SLTO, matches the
inlet guide vane for higher cruise performance and aids in starting. [

BIIA-54

S•El



L ~Pratt &Whitne Aircraft
ii " WA FP 66-100

Volum'eII
' 171(See figure 47.) With only two aerodynamic positions, a two-position
* hydraulic actuator system may be used. The third position (brake) is

obtained by over-riding the hydraulic system with a two position pneu-
matic actuator system.

L Brake
S/ Cruise

179.25' 104.4"

Air._f low -LLT

[I.

Figure 47. Inlet OGide Vane Windmill Brake FD 16348
. Positions IIA

The start-cruise position on the inlet guide vane also has the
advantage of reducing the total flow area required for the interstage
bleed system by 40 in. 2 from that required if SLTO inlet guide vane
position had been selected for the start position. (See figure 48.)

L. 140

130__________ Bleed to Fan Cavity

SAmbient

S• SLTO

0 20 40 60 80 100

BLEED AREA - in.3

Figure 48. Bleed Area Required at the 5th Stator FD 16350
Exit as a Function of Inlet Guide Vane ach
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Failure mode and analysis studies indicated that a "fail shut"
design using a midchord vane pivot was most desirable for the follow-
ing reasons:

1. Selection of a midchord pivot point results in minimum

stress in the foils and attachments, minimizing torque
requirements to actuate (close and open), minimum end
gap clearances in normal running positions. p

. 2. Due to the bearing and rotor unbalance problems that could
result from a windmilling rotor, particularly at supersonic
speeds, it is advantageous to have a failed inlet guide vane
go to the brake position since the most probable cause of the
inlet guide vane failure would have been an engine mode failure
that called for brake position. This failure mode probability
is further substantiated by the normal operating stress condi-
tions presented in (1) above and (3) below.

3. Built-in safety factors rssult because the maximum torques
required in the normal operating range with the midchord
pivot are less than 1/3 the required design torque. Design F

torque is established by forces required to unbrake through
the vane stall angle. Maximum torque required to maintain
the vane angle setting at takeoff is less than 1/10 the
design torque. (See figure 49.)

OX]
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Figure 49. Moment Arm vs Inlet Guide Vane PD 1750 UI
a Chord ILA
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4. Additional fail-safe features include actuation system stops
to prevent rotation to brake in event of hydraulic failure
unless the brake position is selected.

A (e) Structural Loads

The method of determining airfoil stresses and actuator load require-
ments is discussed in the following paragraphs. The airfoil stresses
and actuator load requirements are summarized in tables 15 and 16,
respectively.

Teble 15. Representative Foil Stresses at Maximum
Transient Conditions

[ (Based on Lockheed Envelope)

Vane Angle (ach) Foil Foil Bending Foil Torsional PWA 1202
(Degrees) Temp Stress (psi) Stress (psi) Allowable(OF), Stress (psi)

104.4 (SLTO) 450 82,000
119.8 (Cruise) 700 4800 at ID 1630 at OD 72,000
133 (Stall) 700 37,000 at OD 26,500 at OD 72,000

F 179.25 (Brake) 700 62,000 at OD* 0
L. 46,800 at 40% 0 100,000**

from ID***fI 74,500 at ID* 0

Notes: 1. Stresses in the normal operating envelope are 35% lower and
- temperature 50 degrees less than values shown.
. 2. *Denotes maximum value.s - occurs at the maximum pressure,

maximum temperature corner on the transient flight envelope
(M - 2.9, Altitude - 58,000 ft).

3. **Allowable for titanium in pure bending is 1.4 times
0.2% yield.

4. ***Maximum deflection point - 0.107 inch.

[ Table 16. Maximum Torque Tube Torques vs Vane Angle

(Two Torque Tubes Sharing Load)

Vane Angle (ach) Actuation Maximum or Maximum Maximum
(Degrees) Direction Minimum Airload Total

Friction Torque Torque
Torque (in.-ib) (in.-lb)

(in.-lb)

S104.4 (SLTO) Tows-d Brake 0 (Min) -102 -102
Towcrd SLTO 113 (max) 102 215

119.8 (Cruise) Toward Brake 0 (Min) -265 -265
Toward SLTO 335 (Max) 265 600

133 (Stall) Toward Brake 0 (Min) -1340 -1340
Toward SLTO 760 (Max) 1340 2100

S179.25 (Brake) Toward Brake 0 (Min) 0 0
l Toward SLTO 1150 (Max) 0 1150
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moment arm versus temperature and chord angle, the vane torques and ioada
normal to the chord line are calculated for SLTO and cruise vane angles.
These calculations are made for idle and 1001 power ratings at limiting
points of the flight envelope.

As chord angle (ach) increases through the stall angle, the center of ft
pressure moves, as a function of inlet temperature, from approximately 25% •
chord to the nose of the vane, and then rapidly falls to 50% chord. The
pressure center coincides with the rotation center from ach - 150 degrees
to 180 degrees (brake), and the drive torque required is a function of the
frictional forces. (See figure 49.)

The maximum bending stress vane load occurs with the vane in the brake
position. In this condition the foil aerodynamics collapse, the vane loads
are calculated by using idle flow Pt3 for fan side pressure, and Pamb plus
1/4 Pram for downstream pressure. Because the vane twist is less than
5 degrees, the loading across the vane is considerad a function of chord
length. The section moment of inertia of the foil at the inner end is
only 1/10 the section at the outer end. Therefore, the foil is analyzed r
as a varying section beam with a varying load, and with censidercticn for t-i
the initial end slopes caused by looseness of the end trunnions in the
bushings. NWA 1202 was selected for the vane material because it provides
the best strength-to-weight ratio of the materials meeting the strength
requirements. The maximum outer fiber foil stress occurs at brake
condition at the maximum transient Mach number and minimum altitude
corner of the operating envelope. (See table 15.) Normal flight envelope f
maximums will be 35% lower in stress and 50 degrees less temperature. L

(f) Inlet Guide Vane and Synchronizing Ring Description F
The inlet guide vane aerodynamic brake assembly (figure 46) consisting

of the inner and outer support rings, bushing, vanes, linkages, pins, and ri
synchronizing ring is installvd or vch.,ved as a unit. The synchronizing 11
ring centering supports, employing carbon skids, are attached to the UZ

synchronizing ring after the assembly is attached to the intermediate
case. The AMS 4926 (A-l10) titanium inner support ring and the inner
rear intermediate case cover utilize alternate bolts in the bolt pattern
so that either may be removed independently. The AMS 4926 (A-11O) outer
ring is split in the radial plane for vane assembly. Countersunk screws
attaching the two rings trap the vanes as a subassembly. The outer rings P
are later trapped between the intermediate and 3rd-stage case flanges.
Snap diameters and jackscrew holes are provided at inner and outer flanges....
The compressor assembly is attached or rer-ovzd without disturbing the inlet -

guide vane assembly. Li

Carbon bushings backed with RMS 5616 sleeves are used to suppoxt the U
vane at the inner and outer trunnions. These bushings provide minimum
friction and maximum tolerance against grit contamination. Similar bush-
ings are used in the initial experimertal engines and have been successful p
in the J58 variable inlet case. The outer bushings are designed to i
restrain the vanes radially. Upon possible foil breakage, the !-ner por-
tion of the foil is prevented from entering the compressor by a safety
button attached to the end of the inner trunnion. This button has suffi-
cient clearance for tolerances and thermal transients. I.
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Since the individual vane torque loads are low, simple pin joints are

used to attach the link arms to the synchronizing ring. This method is
successfully employed in the variable inlet guide vane of the J53.I Because long time wear is a possibility, AMS 5616 bushings are provided
in the pin holes of AMS 4926 (A-l10) titanium links. Loss of the vane
set due to wear is then prevented by replacing the bushing. The AMS[ 5616 pins attaching the link arms to the AMS 4926 (A-l10) titanium syn-

Lchronizing ring are trapped by an AMS 4910 (A-l10) titanium sheet metal
ring bolted to the synchronizing ring.

(g) Torque Tube Drive Description

Two AMS 5616 master links employ an internal spline for engagement
with two AMS 5616 torque tubes. These torque tubes are speared through
the appropriate outer duct struts after all major components are assemb ed.
A dry-lubricated stainless steel uniball mounted in the master link ar
is used to transmit the driving force into the synchronizing ring.

The torque tube and drive arm is one piece to further reduce angular
tolerance error. Thus, the vane chord angle relative to the torque tube
angle is accomplished with minimum angle of deviation. The vane angleL is verified for any setting by a position indicator on the outer end of

the torque tube and duct case. Adjustment to the precise SLTO setting
is accomplished in the actuator rod adjustment. Torque tubes are sup-
ported at the outer end by ball bearings mounted on the tubes and at the
inner end by master link bushings. The ball bearings are installed over

r the spline end and retained by snap rings. The snap ring is prevented
from disengaging by a shoulder on the duct case boss.

F_ (h) Actuation System

i.. The system was designed utilizing a hydraulic-pneumatic system,
hydraulic for engine functions, pneumatic override for brake with air
pressure being supplied from airframe cabin bleed system.

(1) Hydraulic-Pneumatic System

'The actuation system for the inlet guide vane windmill brake is
illustrated in figure 50. The actuators consist of tandem hydraulic-
pneumatic sections.to accomplish inlet guide vane brake requirements as
previously stated. Figure 51 illustrates the, rctuat r. The hydraulic
pressure is supplied from the fuel pump discharge by means of the inlet

guide vane servo located in the fuel control. This supply is selected
to allow cooling flow through the actuator while in the brake position.
Pneumatic pressure is supplied for emergency (no hydraulic pressure)
by the airframe cabin air bleed (CAB) manifold. The CAB manifold supply[ is produced by the engines remaining in operation.

The actuator hydraulic section piston moves betwen SLTO and cruise
positions. The pneumatic section piston is forced to follow the hydraulic
piston toward SLTO by pneumatic pressure on the rod end of the actuator.
This pneumatic pressure is always present on the rod end side during
normal (SLTO-Cruise) operation. The pneumatic piston is forced by the
hydraulic piston toward cruise because hydraulic forces generated are
alwaya greater than pneumatic forces.
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The inlet guide vane remains in SLTO position with a hydraulic failure

at SLTO because of the everpresent pneumatic pressure. If a brake position
is necessary, a pilot signal causes the fuel control to shut off fuel

17discharge pressure and the CAB manifold air valve to rotate. The valve
Li rotation reverses the pneumatic piston pressures and forces the piston

and connected rod end to brake. The pneumatic piston nnd rod end separate
from the hydraulic piston and rod and reach brake position regardless of
the hydraulic piston position or pressures. For a restart under this
failure mode, the fuel control discharge must be on for burner supply;
thus, hydraulic pressure is again available to move the hydraulic piston

L! to start (cruise vane setting). The air valve is reversed by the restart
signal to move the pneumatic piston and rod end toward the normal SLTO-
cruise range. Should the original engine shutdown be due to a fuel line
failure, meaning no hydraulic pressure is available to accomplish the
restart, then a restart is not desirable because of the fuel leakage.

The inlet guide vane remains in cruise position with a hydraulic
failure at cruise in spite of the existing rod end pressure by means of
a built-in lock. This lock operates through a linkage system controlled
by the position of the hydraulic piston. The braking and restart is
accomplished as previously discussed.

In the event of an in-flight engine shutdown with fuel cutoff at the
firewall, it is desirable to stop both rotors to minimize the possibility
of parts damage.

Stopping the rotors is also desirable in the case cf an in-flight shut-
down due to indications of internal engine damage or for oil loss, where
fuel flow would be maintained.

[Rotor speed reduction can be accomplished by positioning the high
compressor inlet guide vane to the "brake" position. However, to lower
rotor speeds to a level which would further reduce the possibility of
damage at high Mach number flight, and to completely stop the shafts for
subsonic flight, additional braking capability is desirable.

Several methods for increasing rotor braking capability are currently
under investigation. Trade studies to determine engine weight and com-
plexity effects of these systems are also being conducted.

L The use of fan variable exit guide vanes in conjunction with the high
compressor variable IGV is typical of these studies. If an in-flight shut-
down was necessary at cruise (Mn 2.7 at 65,000 feet) the positioning of
these two variable vanes at the "brake" position would reduce rotor speeds
to a level that would prevent damage during descent to subsonic flight
speed. The compressor variable IGV alone would reduce rotor speeds to a
safe level but not to the speed that would preclude possible parts damage.
The two variable vanes wouldi effectively stop both shafts at subsonic
condition.

Further studies will be conducted to evaluate all feasible braking
systems and to determine their effects upon the engine.

Fuel contamination of the CAB manifold is avoided by means of an
overboard vent between the hydraulic and Dneumatic systems.
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(3) Compressor Rotor

The rotor portion of the compressor has six stages of disk and blade
assemblies that are separated and spaced by integral axial extensions
on alternate disks. (See figure 52.) Axial tie rods are used to retain
the disks and hubs, carry the separation loads, and transmit torque to
the adjoining disks. Pilot diameters provide concentricity between
successive stages. They are long enough to keep each stage seated on 4
assembly until the final tie bolt torque is applied, assuring positive
stating and excellent balance control.

- ~~~~~ ~ ~ ~ a A ....-- ... ,. .4 ,. W

L'

Figure 52. Compressor Rotor and Stator FD 16421
IIA

The Z-spacer between the 4th- and 5th-stage disks provides support
for the antivortex tubes and transmits the torque and maneuver loads
from the rotor to the front hub.

The blades of all stages are retained radially by a dovetail root El
section engaged in a matching slot in the disk rim. Titanir~m blade dove-
tails (stages three through five) are undercut similar to the fan blades
for bearing surface control. The Waspaloy blades (stages six through[¼
eight) do not require this undercut due to the very high toughness of
Waspaloy. r

The blades are retained axially by a double locking de r7ice. The aft i
load which would result in the event of objects passing through the compres¶-
sor is resist2d by a tang made integral with the blade; the forward move- F'
ment due to the air load is prevented by a wire blade lock incorporating
four shear areas. The tang and blade lock are assisted by interlocking
blade platforms. In this way, a single blade impact will receive addi-
tional support from adjacent blades. This lock replaces the troublesome
sheet metal tab locks that are prone to straighten after long Periods at I
elevated temperatures. Figure 53 shows a typical high rctor dovetail
and wire blade lock. B
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ment IIA

L•The interstage rotating knife edge seals are restrained to prevent

axial movement, and torque is transmitted-.through tangs to prevent

F rotation and wear.

Antivortex tubes are used between the 4th- and 5th-stage Jisks to
provide cooling airflow to the disk bores. These tubes prevent the

Sformation of a free vortex within the compressor rotor, which would
result in reduced static pressures in the region of the disk bores and
low cooling airflow. Without the tubis it would be necessary to tap
off a higher compressor stage to achieve the required cooling air pres-
sure, resulting in higher cooling air temperatures. The design cal-
culation procedure used for these tubes is explained in a later paragraph[ on Low Cycle Fatigue of Disks.

To achieve good balance characteristics, a minimum number of joints are
used in the main rotor structures and long pilot engagements have been in-
corporated on all rotating parts. Detail balancing by removal of material
is incorporated on all parts where rebalance is not required. These parts
are the front hub, the rear hub, and the bore tube assembly. Dynamic
balance of the rotor is accomplished by the addition of weights to mount-
ing flanges located on the front of the third disk and on aft side of the
rear seal. To minimize unbalance, the bore tube is made of welded con- ,
struction incorporating closely controlled wall thickness, concentricity,
and pilot diameters.

Rotor tie bolts are sized to maintain rotor integrity despite loZ blade
loss and to maintain axial tightness under maneuver loading and for torque
transmission. The compressor tie bolts have been designed to the same
criteria as described for fan section tie bolts.
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knife edge seals are not made integral with the spacers. The seals were
eliminated from the rotor aligning joints as a precaution against balance
problems caused by unnecessary flanges. Figure 54 shows an enlarged view
of a typical knife edge seal.

Catr Rin

Antirotation Tanga

Figure 54. Typical Knife Edge Seal FD 16343
IIA

Foolproof assembly means are providad by incorporating a step on the i
rear snap of the 6th-stage disk. If assembly of either the 6th- or 7th-
stage disk and blade assemblies are attempted backwards, the 0.050-inch
radial step will prevent engagement of the pilots. Special configura- [V
tions and similar snaps on other stages provide similar misassembly pro-
tection.

The compressor blades are designed with the ingestion and locrng.
tangs on the forward side. The attachment lengths and radial heights of
the blades differ for each stage, thus providing a positive check on mis-
assembly.

Replaceable rings have been inserted on the front hub and Z-spacer to
prevent replacement of expensive parts if a wear problem occurred.

Roots of the third through the fifth stages and the disk slots are
coated with graphite varnish to prevent galling. This method has been
proved on titanium blade roots of the JT4 and JT3D engines. These blades
are also shot peened on the root attachment and glass bead peened all over
to increase fatigue strength atd resistance to stress corrosion. L

The nickel base alloy blade roots on the last three stages of the com-
pressor are shot peened to improve fatigue strength. Silver plating of
the roots is based on experience gained in the J58 engine, and prevents
galling of the bearing surfaces between the dovetail and disk slot.
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[I (a) Disks

The disks for the high compressor are made of forged PWA 1016 (modified)
Waspaloy material. The PWA 1016 disks used on the J58 engine demonstrated

[ very high toughness and resistance to the thermal cycling experienced with
supersonic engine transient thermal gradients. AMS 5735 (Tinidur) disks
were considered in view of lower cost but were rejected in favor of PWA
1016 (modified) which is better by 50% !.- amooth LCF data and 15% in notched
(bolt holes) LCF data.

After rough shapes are machined they are sonic tested for inclusions
•. and foreign deposits. They are then spin tested in the semifinished cot,-

figuration at sufficient speed to prove that the disk has the minimum
strength required for the material. After machining to the f:inal configu-
ration, the disks are vibratory barrel finished. The disk is vibrated in
an abrasive slurry to assure smooth, notch-free surfaces in critical areas,
such as bolt holes. The edges of the holes are rounded by the slurry and

j [small imperfections are smoothed to prevent stress concentrations.

The compressor disks were determined to be low cycle fatigue limited
at transient conditions. Table 17 shows the actual tangential stresses

[j based on LCF and compares these to yield-limited design allowables. Re-
suiting yiei' and burst overspeed margins are shown in figure 55.

Table 17. Compressor Disk Stress and Computed
LCF Life (Material is PWA 1016 Modified)

Stage Actual Average LCF Cycle Life Limit
-• Tangential

Stress, psi Location Condition
r Thermal Accelera- Thermal Accelera-
L Cycles tion Cycles tion

3 83,400 12,000 100,000 Rim Cruise Sea LevelF Start-up

4 75,500 12,000 30,000 Bolt Ascent Sea Level
Circle, Start-up

5 78,700 60,000 20,000 Bolt Ascent Sea Level
Circle Start-up

6 84,300 90,000 20,000 Bolt Ascent Sea Level
Circle Start-up

7 73,600 12,000 100,000 Bolt Ascent Sea Level
Circle Start-up

[ 8 78,400 100,000 20,000 Bolt Ascent Sea Level
Circle Start-up

rYield Limited
Design Allowable .......

102,000

LCF Limited
Design Allowable 12,000 20,000
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Figure 55. Compressor Speed Margins FD 17507

The average targential stress in the compressor is below a yield or
burst limit because low cycle fatigue is more limiting. B

The compressof disks must be designed to meet the following criteria -+

at the maximum operating conditions:

1. Yield margins - 3% based on maximum normal speed plus production _
and control tolerances and deterioration.

2. Burst margins - 207. based on maximum normal speed plus production
and control tolerances and deterioration.

3. Radial stress in the disk webs should not exceed the allowable
average tangential stress.

4. Low cycle fatigue - compressor rotor should be capable of
sustaining 20,000 acceleration cycles and 12,000 thermal cycles.

5. Radial stresses between holes in a disk should not exceed 0.9 of
the allowable tangential stress.

6. The allowable average tangential stress is 102.000 psi. Li

Experience on previous P&WA engines is used in establishing the
desired material factors and stress ratios of actual stress to allowable L
stress to produce the high reliability goals. More detail information on
the material factors appears in separate discussions on disk yield margins
(subsection I of this paragraph), disk burst margin and LCF (subsection
2 of this paragraph). BIA-66 SBIIA-6
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As a standard practice, after the disk Is completed the blades are

attached and spun at a speed equal to the maximum engine speed. This
test opens any small cracks in the surface of the disk, allowing the

[ Zyglo fluid applied during spinning to penetrate. In addition to cracks,
the test detects faulty material by control of allowable growth.

(b) Blades

SBlade attachment stresses and geometry limits are based on empirical

formulas developed by experience on other P&WA engines.- This is best
F- explained as allowable stress ratios which have given satisfactory per-
V formance on previously tested parts. Refer to table 18 for blade attach-

ment stresses and ratios and table 19 for geometric limits. For descrip-
[• tion of the geometric limits see page BIIA-24.

L• Experience on the initial compressor test r4 -j nilataed that the 3rd-

stage nonshrcudpd blade wds flutter sensitive tc the position .- the
variable vanes. The midspan shrouded 3rd-stage blade allows incidence
variation, without flutter, and permits the use of a simplified inlet
guide vane actuation system, requiring only two aerodynamic positions.

r (See figure 56 for shrouds and interlocking platform.) The stazic
4. shingling parameter for this blade is 0.0645 which is conservative com-

pared tc others shown in table 4. The maximum shroud bearing and bending
stresses are 4140 psi and 35,800 psi, respectively. Long life allowable
stress values are 5000 psi for flameplated contact faces and 54,000 psi
for bending.

r The 4th-stage blade is also designed to be highly flutter resistant.
Although no high flutter stresses were encountered in the fourti stage
of the initial experimental engine, the production engine blade was
designed with 30% higher torsional frequency to ensure flutter resistance.

Standing wave resonant vibration is one of the most frequently
encountered turbine engine vibration problems. Low order excitation from
circumferential flow distortion is always present in a compressor and is
the result of unsymmetrical airflow, such as might be caused by inlet
distortion. Higher order excitation is created by strut blockages in

r the airstream. The order of excitation equals the number of struts and
affects the immediate downstream rotor stages most severely.

The rotor stages of the production engine compressor are designed to
avoid all easily excited resonances in the cruise range. The design
analysis is accomplished with the methods described previously in the
fan vibration bladed-disk analysis.

Figures 57 through 62 are the resonance diagrams for the third
through the eighth stages, respectively, of the compressor. As shown in
the resonance diagrams, no first, second, or third order resonances
are encountered in the operating range; fourth order resonance is avoided
at high speed. Disk rims are stiffened to keep second mode, fourth order
resonances above the operating range on stages three through six. Blade

Sr- stiffness properties are adjusted to avoid low order resonances in stages
L four through six. The 7th- and 8th-stage disks are designed to maintain

the first mode of vibration, fourth order resonance below the operating
range, and the third order above the operating range. All stages avoid
eighth order resonances, ;hich could be excited by the eight intermediate

LI case struts.
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Particular care must be taken in blade design to ensure that no

failures result from surge. During compressor surge a few cycles of
self-excited bending mode vibration are experienced by each stage as it
is driven into a severely stalled flow operating region. The number of
cycles of stress (from surge) that accumulate in the life of an engine
is too small to t, an important consideration, but it is necessary to

. provide :ufficient clearance to prevent blade-to-vane contact in surge.
--'':-Clearance requirements are based on experience with"the JT8D and J58

compressor as well as with the initial experimental JTF17 engine compres-
sor rig.

Table 19. Blade Root Attachment Geometric Limits

3rd Stag. 4th Stag. 5th Stag. 6th Stage 7th State 86th Stag* M1n Llmit.

Neck Ratio 1.005 0.8504 1.184 1.122 J.5359 0.4•V6 0.8g0
"Z" Ratlo 6.41 4.M6* 4.42* 4.446* 4.800 5.575 4.44
L.8 'Z"/FoQl "Z" 8.77 4.959 8.227 7.1 5.5 5.2 I. 4
5/2 0.70 0 547 0.706 0.647 0.500. 0.605 0.5SOO
Ratio *"It 0.255 0.1572 0.368 0.3202 0.2371 0.1500. 0.150

a Limiting Cmoetric Factor
-- Vibration Limited

Center
of Shroud

GraVity

-amne Plated Area

[A A

Section A -A

CInterlock afrPlatform

Center -of .
Gravity B

Poaitioning and
Ingestion Tang Blade Lock

Section B - B

Figure 56. 3rd-Stage Blade Shrouds and FD 16345
Interlocking Platform IIA
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The spacing between blade and vane platforms at the flow path inner
wall is gapped for all flight conditions including surge deflections.
Using this gap as a-base, other spacing between rotating and stationary
parts such as the seal lands for the high rotor are made larger. This

- is done to prohibit simultaneous hard rubs that would increase heat
generation and failure potential. A flutter vibration amplitude for each
stage is determined from the maximum vtbratory stress level that is

L calculated from the amount of coupling between the blade and disk vibra-
tion in surge flutter.

(c) Stackup Techniques Summary

The procedure of assembly is similar to that of other commercial P&WA
engines. Tiebolts, in addition to having an angle of turn and stretch
measurement capability, have additional thread length permitting the use
of hydraulic stretch equipment as used in the JT8D.

Disk snap fits are such that conventional heating and cooling methods
will permit easy engagement of each snap. Suitable provisions are made
to permit hydraulic jacking of the snaps for disassembly in areas close
to the snap diameter, such as additional holes in hub and spacer flanges
and the 5th-stage disk.

To achieve good balance characteristics, experience in early JT8D's
and the J58 led to the approach of reducing the total number of snap
fits by using the integral part concept, combining the cone and disks[with spacers, and limiting the number of overhung stages.

Long pilots help to ensure that stackup seating is retained until
the final bolt load is applied.

S-Initial unbalance of the Z-spacer and tubes assembly is controlled
similar to individual stage assemblies; that is, tube or blade arrangement
capability is possible at the balance assembly build stage. Other balance
capabilities of details and the dynamic rotor assembly are described in
paragraphs (7)(a)(Malntainability) and (7)(b)(Reliability).

[ (d) LCF Description

Low cycle fatigue (LCF) is a cracking failure mode, which results
from repeated plastic straining of a local area on a part. In a compressor[ rotor the number of LCF cycles is affected by several factors. These
factors fall into two distinct categories: Those controlled by the air-[cr;ft environment and those controlled by the local rotor environment.

1. Aircraft Environment Controlled Factors
a. Engine power setting
b. Rotor speed acceleration rate
c. Ascent and descent rate
d. Engine inlet temperature and pressure.

2. Rotor Environment Controlled Factors
a. Compressor rotor cooling system
b. Radial and axial mass distribution of the disk material
c. Resulting magnitude and shape of disk radial temperature

[ gradient.
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To fully evaluate the degree of resistance against LCF failure, the [j4
above factors, which constitute the installed engine dynamic and thermal
environment, were analyzed. However, the analysis of the number of LCF
cycles reduces to a calculation of the local stress level and distribution.The strongest influences on resulting stress were rotor speed and radial U
temperaturF distribution.

(e) LCF Design Objectives .

The major objective in the design planning of the rotor thermal
environment was to obtain the specified number of LCF cycles with minimum U
rotor weight compatible with engine and airframe life objectives. This
had to be accomplished with a high degree of reliability without com-
promising thrust balance, performance, seal pressurization, or turbine
cooling requirements.

The specific objectives relative to these subsystems were:

i. The coldest possible air temperature source for disk
cooling

2. A cooling system that resulted in minimum radial flow
into 'the main gas path so as to maximize compressor
aerodynamic performance

3. A cooling air flow path in which flow rates could be
changed without adversely affecting thrust balance

4. A disk bore temperature environment that could not be
affected by air from high temperature stages

5. A rotor configuration in which the temperatures, pressures, [
and flow rates adjacent to disks could be accurately
defined for minimum design risks.

(f) LCF Design Requirements

Commensurate with design criteria listed in the following paragraph
(h), the rotor is required to experience 20,000 acceleration cycles and
12,000 mission cycles without failure. The acceleration (idle to sea
level static) cyclic requirement is more severe than the mission require-
ments to account for the number of times an engine is accelerated to
rated power in addition to completing a mission.

As previously stated, the aircraft environment plays an important
role in determining cyclic life. The rotor acceleration rate and the
aircraft ascent and descent rates were the most important aircraft-con-
trolled factors to be considered.

The selection of environmental criteria was based on the current B
economic ground rules (FAA Report No. 65-7) and on information subse-
quently supplied by The Boeing Company and Lockheed California Company.

The specific rates used were:

I. Ground rotor acceleration (idle to full power): U
4400 to 8220 rpm in 5 seconds

2. Ascent and descent rate to and from cruise Mach number:
Engine inlet temperature rate of change of 1.5 degrees
per second.IA
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[L (g) LCF Design Approach

Initial studies considered using engine 3rd stage (compressor ist

S• stage) air as a source for disk cooling. The temperature level was ideal
for rapid disk metal temperature response but the pressure level was too
low for the required flow. Subsequent studies led to the selection of

[7 4th stage air. This source, in conjunction with antivortex tubes to
SL• compensate for radial inward flow pressure drop, resulted in acceptable

bore air temperature and pressure levels.

The next step was to d=.ign a flow system in which the bore cooling
air would contact all disks and yet be separated from higher temperature
comp)ressor discharge air. This was accomplished by incorporporating a
bore tube tý.at returns the cooling air to the front of the high compressor
where it is discharged through the intermediate case to the fan cavity.

The final cooling air flow path, which resulted in a disk thermal
environment that satisfied LCF requirements, is shown in figure 63.

Antivortex Tube -oeTb

Figure 63. Compressor• Disk Cooling System FD 16417

To evaluate disk transient thermal response, a detailed analysis was
performed on the most severe conditions of a typical aircraft missionSThicycle. This analysis was performed by creating a mathematical model of
the entire rotor and programming all pertinent parameters on a digital

computer. The computer program, in essence, simulated the total in-[flight rotor environment.

To assure that optimum weight had been realized, the disks were first
analyzed on a stress-limited basis. This means that the disk configura-
tion was determined first from the standpoint of a noncyclic stress
criterion such as yield, burst, and creep. This disk configuration was
then adjusted to account for the specific number of dynamic and thermal

[ cycles.
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Several supporting studies were conducted in conjunction with the main
effort to obtain the basic cooling air flow path. One of these studies
involved optimization of the bore cooling air flow rate. Results of this
study are shown in figure 64. The curve shows that increasing the flow 0
beyond 0.6% of gas generator flow offered little advantage in decreas-

ing disk temperature gradient.

U
50

*< 30 -

020

10

0 0.2 0.4 0.6 0.8 1.0 .2 1.4 1.6
GAS GENERATOR FLOW -%

Figure 64. Disk Temperature vs Gas Flow F? 16-66IIA

The substantiation of the need for a design using cold-bore ccling
air is illustrated in figure 65. This curve showed the relative weight
required to obtain cyclic life with a hot-bore and cold-bore configuration.
The hot bore configuration is that used in the initial experimental engine.

32 _ 6j

Va 13oreointo Rim

0 24 48
.0 Weight Increase to Obtain A0S~12,000 Cycles

% 16 " 32
S/ -

LCFtifefor Stress

8 - Limited Disk- -16

0 0
-400 -300 -200 -100 0 100 200 300 [

COLD BORE AT- °F HOT BORE AT* F -*

Figure 65. Cold Bore vs Hot Bore LCF Life FD 16359
and Weight Trends IIA
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SIn the course of the J58 engine development program, considerable

emphasis was placed on simulated in-flight testing for LCF evaluation.

S[ The high Mach number test programs were instrumental in determining
critical flight modes that influenced low cycle fatigue. An example of
this was a planned experiment in which a J58 engine descended from high
Mach number operation at varying rates of descent. The disk bores and
rims were instrumented with thermocouples and the maximum disk transient
temperature gradient was recorded as a funtion of descent rate. The

r results of this study are shown in figure 66.
0 1000

z800 -

600

W__W_ _____Compressor Digsk
0 2nd
S03rd

C4th

0 2 4 6 8
DESCENT RATE OF AIRCRAFT
INLET TEMPERATURE - deg/sec

Figure 66. J58 Test Data Compressor DiskaT FD 16360
vs Descent Rate IIA

These J58 engine test results led to a JTFl7, study 'in which the roto:

weight required to reach the specified LCF cycles was evaluated as a[ function of rotor speed and descent rates. Figure 67 illustrates the

critical influence of aircraft environment on low cycle fatigue life.

The principal design characteristics that resulted in the attainment[ of specified LCF cycles in the JTF17 engine were:

1. A cooling configuration that uses cool air bleed from a low
"compressor stage (this was a critical factor for obtaining

0 minimum weight).
2. The incorporation of a bore tube that is designed so that

cooling air passes directly over disk bores at a rate com-
mensurate with desired metal temperature transient response.

3. A single spacer rotor design in which all disk surfaces are
scrubbed by cooling air.

4. The use of a free vortex eliminator tesulting in maximum
pressure potential at lowest temperatures for flowing air
through the cooling path.
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5. The incorporation of a blade attachment method that has been
proved by experience and, therefore, involved minimum design
risk. Buried or extended root blade attachments, such as used -

on the initial experimental engine, and their attendant sealing
problems are avoided.

6. A total rotor configuration in which LCF cycles could be
determined analytically by techniques proved on the J58
and commercial engine programs.

140
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Figure 67. Compressor Rotor Weight Tradeoff FD 16361
as a Function of Descent Rate and IIA
Rotor Speed 'If

The steady-state and transient disk radial temperature distribution
is shown for each stage of the compressor in figures 68 through 79.

(h) LCF Design Criteria

To accurately predict disk low cycle fatigue life, an elastic plastic
computing deck was developed. This deck analyzes a disk for a complete
engine cycle (from startup through transient cond-*tions to shutdown)
and then recycle (startup to shutdown, startup to shutdown, etc.) as
many times as is required to make an accurate prediction of the disk
low cycle fatigue life. Recycling is necessary to redistribute initially
high local stresses that are not retained through the entire disk life.
The low cycle fatigue life of the disk is based on these redistributed
stresses, which are lower than the initial stresses.
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Volume IIIUFrom a stress distribution of the recycled disk, the cyclic and steady-
*state stresses are determined. With these stresses the low cycle fatigue
life of the disk is determined from a Goodman Diagram. A typical Goodman

Diagram is shown in figures'80 through 82.
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Figure 80. Low Cycle Fatigue Goodman Diagram FD 16362L HIA
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Figure 81. Low Cycle Fatigue Goodman Diagram FD 16363[ * hA
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Figure 82. Low Cycle Fatigue Goodrnn Diagram FD 16364
IIA

Considerable testing encompassing both actual disk testing, and smooth
and notched specimen testing have been made to enable an accurate pre-
diction of low cycle fatigue life. Figure 83 shows some of the types of
specimens tested, which represent configurations of disk bores, bolt holes,
and rims. Figures 84 and 85 illustrate a non-otating rig (ferris wheel)
and a rotating rig (whirl pit) used for disk low cycle fatigue testing.
Tables 20 and 21 represent a few of the disks that were low cycle fatigue
tested and show the predicted life of the disk and the actual life obtained.

More than 300 disks and 250 specimens have been tested to establish
low cycle fatigue capabilities.

In addition to in-house testing, an inspection program of commercialservice used disks has been in progress. Table 22 contains results of
inspecting 241 disks and gives a comparison between predicted and service
life. The indications found at the life inspection cycles listed in
table 22 were all less than 1/32 inch long. The results indicate that
the present system is conservative on Predicted Life but that Predicted 0
Indications need more statistical analysis.

Investigations are underway to determine the crack propagation rates
by cycling disks of in-house (P&WA) engines for different disk materials.

To date some 15 disks have been cycled beyond certified service life
and after initial cracking. The results of this investigation will pro- -
vide information necessary to extend service life consistent with safety.

Disk life expectancies ace predicted by factors having a range of
values, rather than a finite value. The conservative values are always
used in the prediction of disk life; as an example, the minimum material
properties, minimum disk dimensions, and maximum thermal gradients are
used in prediction.[
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Figure 83. Special Specimnen Forms Used in H-16221-A
Laboratory Evaluation of Material IIA
Properties

Figure 84. Non-Rotating Laboratory Test Rig H15495-A
for Hlydraulic Loading of Rotor Disk IIA
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Ar j,

Figure 85. Typical Spin Pit Rig Used in Exp-97972-A
Testing Rotor Disks

Table 20. Low Cycle Fatigue Whirl Pit Tests of
Recperated JT3D-l ist-Stage Turbine

Test No. Minimum Predicted Cracks First
LCF (Cycles Observed (Cycles)

1 1000 4000
2 1000 4878
3 1000 2585
4 1000 1945
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Table 21. Low Cycle Fatigue Ferris Wheel Tests

of Feoperated JT8D1 Compressor
.Fifth Stage

Test No. Minimum Predicted Cycles whet 1/32-
LCF (Cycles) inch Crack was

Observed

1 4800 6800
L 2 4800 5200

3 4800 W4CO
4 4800 20,000
5 4800 31,000
6 4800 41,000
7 4800 17,000
8 4800 18,000
9 4800 28,000

[

Table 22. Summary of Service Disks Inspected
F
i Part Material Disks Indications PWA "Blue Typical

No. Inspected* Found Pre- Book" Pre- Life at
r dicted dicted Life Inspection

S Engen Stage (Cycles) (Cycles)

L JT3C6 5C 199005 AMS 6415 6 0 -- 14,000 4800
JT3C6 lIC 310211 AMS 6304 56 0 3 9400 4900
JT3C6 16C 342216 AMS 6304 10 0 -- 5000 4900
JT3C7 3C 359703 AMS 6415 25 3/1 1/2** 4000 3356
JT3C7/12 5C 374705 AMS 6415 13 2 4 7000 4250
JT3C7/12 6C 374706 AMS 6413 56 0 28 7000 4450
JT3C7 IIC 358211 AMS 6304. 10 0 3 10,000 5050
JT3C7 16C 358216 AMS 6304 3 0 -- 3000 3200

S JT3DI 14C 414114 PWA 733*** 7 0 0 10,000 4650

JT3D1 15C 425615 PWA 1003 15 3 -- 2000 1950
r JT3Dl 16C 425616 PWA 1003 8 0 -- 3000 2200[ JT3DI 2T 419102 AMS 5660 6 0 -- 1500 1850

JT3DI 3T 418903 AMS 5660 13 13 0 5000 3700
SJT4A1O/12 2C 310302 A14S 4928 13 0 0 10,000 3550

STotal 241

* Includes disks that were static Zyglo inspected
S **Bolt hole/rim
S *High strength AMS 6304
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Vole() Disk Burst

The disk burst margin is described analytically by the following
equation: LI

Nb BF xtUlt
Nd Stave

where:

Nb - speed at which disk should burst

Nd- design speed II
BF - burst factor

Ult - ultimate strangth at average temperature of disk
Stave - average tangential stress of disk j

The burst margin selected for the JTF17 compressor allows 1.20 over-
speed relative to maximum rotor speed within the control envelope, in-
cluding maximum transient conditions. This overspeed allowance is con-
sistent with commercial engine practice.

Figure 55 shows the burst margin applied over the various engine
inlet temperatures and rotor speeds.

The burst factor (BF) is the ratio of the average tangential stress
of a disk at burst to the minimum ultimate strength of the disk material.

An accurate means of predicting the burst speed of compressor disks was
developed through a continuous program that includes evaluation of basic

tensile properties (yield and ultimate strengths) of disk materials, the

calculation of disk stresses, and the correlation of these stresses to

the strength of the material through actual burst tests. [
The evaluation of material properties is basic to the prediction of

burst. Laboratory tests were conducted to determine the tensile proper-
ties of all compressor disk materials. The results of these tests, con-
ducted for the full range of disk operating temperatures, were plotted
on strength-temperature diagrams so as to provide minimum tensile strength
as a function of temperature. A plot of tensile properties of the selected
compressor material is shown in figure 86. 1

In designing all engine disks, P&WA uses high-speed digital computers,

which have a stress calculation program capable of recognizing the varia-"
tion of disk shape, temperature, and material properties including the
actual stress-strain relationship in the plastic range. Not only does
the program include thermal effects and spe.ed effects associated with
rim and body loads, but it also has provision for introducing the added
loading due to bolts and spacers that the disk must support at the bolt
circle region. From plastic stress analysis made at progressively higher 7
speeds, it is possible through actual spin pit tests to determine the t
correlation between the calculated average stress at burst and the ulti-
mate strength of the material. Such a correlation provided a consistent
ability to predict the minimum burst speed of compressor disks within 5%. -
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S"Figure 86. PWA 1016 Modified (Waspaloy) FD 16365

SIIA

The burst factor of a particular disk is primarily dependent upon

stress variance or on shape and material properties. The burst factor
of 0.90 for compressor disks was established from spin testing. The
spinning is done in spin pits that are capable of various speed and
temperature conditions, including radial disk temperatures; this permits
duplication of operating conditions expertenced by disks during actual
engine running.

,pin test results showing actual burst speed compared to predictedL are shown in table 23.

(4) Stators

17 The compressor stator system consists of variable inlet guide vanes
and six stages of fixed stator vanes to match the six rotor stages. The
last or 8th-stage stator function is combined with exit stator or air[straightening function so that only one slotted airfoil is used. The
inlet guide vane assembly was previously described in paragraph (2)
Windmill Brake - Variable Inlet Guide Vane. This paragraph will cover[ the fixed stators. (See figure 52.)

The compressor cases and stators are a guided cantilever type in
continuous ring (nonsplit) cases. This provides a rigid, wear-free
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construction. Airline service experience has shown that split cases 1
distort and are difficult to reassemble properly after overhaul, which
results in a larger blade tip clearance and a performance loss. Guided
cantilever stators provide positive retention of each half of a cracked Er
airfoil.

"Table 23. Disk Burst Tests Compressor Disks[

Actual Burst Speed
Identification Comments Predicted Burst Speed

1. JT4 2nd SKE-485 PWA 679 Room Temp, 1.12
"Burst

2. JT3 14th 196914 PWA 722 Room Temp, .98
Burst After
Creep

3. JT3 15th SKE-24644 AMS6302 Room Temp, 1.05
Burst After
Creep

4. JT3 16th 211516 PWA 722 Room Temp, 1.10
Burst After
Creep

5. JT3 15th 272915 Inco 901 Room Temp, .99
Burst I

6. JT3 14th 196914 PWA 722 Room Temp, 1.08
Burst

7. JT3 14th 196914 PWA 722 Room Temp, 1.05
Burst After
Creep

8. JT3 14th 196914 (Splined Bore) PWA 722 Room Temp, 1.05
Burst U

9. JT8 2nd 271622 (Split Disk) PWA 682 Room Temp, 1.14
Burst

10. JT4 2nd 310302 PWA 682 Room Temp, 1.09
Burst

11. JT3 4th 243204 (Low Hardness Disk) Room Temp, 1.01
AMS 6415 Burst

12. JT8 12th 367912 PWA 1002 6900F, Burst .95
13. JT3 13th 254613 AMS 4928 6100F, Burst 1.14

After Eng. Run V
14. JT3 16th 241616 AMS 6304 7200F, Burst 1.11 [

After Eng. Run
15. J58 6th 2040906 PWA 1007 Room Temp, 1.00

Burst [7
16. J58 6th 2038206 PWA 1007 Room Temp, 1.00

Did 'lot Burst

(a) Interstage Air Seals

The interstage ID knife edge air seal lands are the machined circum--
ferential serration type. (See figure 87.) They are riveted to the
vane feet stiffening rings and are replaceable.
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As an alternative or backup design with substantiation (058)
I honeycomb can be brazed to the seal lands in place of the machined
L serrations. (See figure 87.) However, this would involve an increase

in cost. The seal land construction permits air loads to help stabilize
Li the seals in the high frequency vibration modes. All stages of compressor

stators and the exit guide vanes are attached to stiffening rings on the
ID. The 3rd- and 4th-stage titanium stators are mechanically attached
to the outer cases. The 5th-, 6th-, and 7th-stage stators are brazed in-
to box-type cases on the OD. This provides a rigid lightweight con-
struction. On the exit guide vane, the ID is riveted to the diffuser
case flange and brazed in a floating shroud on the OD.

A B

[Machined Serrations Brazed Honeycomb

Figure 87. Compressor ID Air Seals FD 16390[ hIA

(b) Blade Containment

The blade containment design philosophy for the compressor is
similar to that of the fan. The difference is mainly in having more
walls, the compressor case walls plus two duct walls, to prevent
penetration of the nacelle area. One concern in any basic containment
philosophy is whether or not contained blades will move downstream
setting off a chain reaction that culminates in such extensive blade
loss unbalance that the rotor integrity tiebolt criteria would be
exceeded. No practical flightweight design would contain such a
lailure.

A ducted fan, therefore, has an advantage over engines having a
single outer case wall in this respect; the compressor case may be
permitted to have blade penetration, removing or reducing downstream- ....

F, blade loss, yet the blade will still be contained within the engine,
thereby avoiding the above catastrophic failure.

f. (c) Borescope Provisions

Inspection of compressor blades is made through borescope bosses
between stators on each stage. (See figure 88.) This inspection can
be made from outside an installed engine by removing small caps on theL_
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outer wall of the duct diffuser. Appropriate tools remove an air seal-

ing plug on the compressor cases.4

A-A
mjnew Stator

RsmM~eya Plu

i "

110 wa

: I-

S~Provisions

Figure 88. Compressor Borescope Inspection PD 16420

ProvisBions IIAI

The plug and tools are ade so that the wrench cannot engage theF
locknut until the attaching eod is sufficiently engaged. This willensure that the plug will not •become unattached and lost in the engine.
During assembly, the nut will not engage plug threads until the lugs[i
on the plug are in the boss slots. This prevents the possibility of
the plug protruding into the air stream. Also, the size and angular
position of the lugs and slots prevent the plugs from being assembled
in the wrong boss, thus assuring a flush alignment in the airstream.

(d) Blade Tip Seal Shrouds

Semiabradable, honeycomb, blade-tip air seals are used in all six F,
stages of the compressor. These seals permit relatively close clearances
during normal operation because rubbing associated with abnormal tran-
sient conditions generates only slight heat. Seals are relatively inex-

pensive compared to blades and are completely replaceable.
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The J58 engine, running with this type of honeycomb seal, has
demonstrated a definite improvement in surge capability over a solidi[or smooth seal when installed in high pressure stages. Honeycomb
durability is substantiated by extensive J58 engine operation.

L In the interest of reliability and long time durability, the approach
taken initially has been to make the shrouds in L..e piece similar to those
used successfully in stages 3 and 4 of the J58 compressor. In view of
the general tendency of routine wear and foreign object damage to be
localized, it may prove to be expedient economically and logistically[ to make the shrouds segmented similar to those in stages I and 2 of the
J52 compressor. There is sufficient versatility of the cases and stators
to accept such a segmented design with minimum change.

(e) Adequacy of Structural Design

Because the front case is buckling-limited, the density-modulus
ratio gave titanium the weight advantage. The 3rd- and 4th-stage stators
are aerodynamically limited; therefore, the low density of-titanium was
an advantage. The selected temperature limits for titanium of 9000 F,
for continuous operation, and 950 0 F, for short time operation, prevent
the use of titanium beyond these stages. The 3rd- and 4th-stage ti-
tanium stators are mechanically attached on both ends. (See figure 89.)

Seal Land[--- Rivets

Vane Airfoil

Flanges Integral
with 

Vane 
g

Mechanically Attached Titanium Stator

Figure 89. Mechanically Attached Titanium Stator FD 16371

IIA
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(fW Design Criteria [

The case and stators of the six-stage compressor are structurally p

similar to those used on the JT3D and JT8D engines. The design criteria L
concerning allowable stresses, blade-to-vane spacing, blade containment,
and operating clearances are obtained from experience with these and
other P&WA commercial and military engines.

Stress Criteria for Vane Airfoils

1. 85% yield for brazed stators at maximum pressire or Mach
number points of the operating envelope

2. 90Z yield for mechanically attached stators at the above
points U

3. Allowable fatigue of 2 times fatigue strength at the above
points. (See figure 90.)

4. 4250 hours stress rupture at standard day cruise.

60
•" %- - INCO - 718 9

"5 -'Allowabie = K(Fatigue Strength) PWA - 12902,=50

40 I
K=1.5 Attached 0 D Only (No Damping) E%

"* K= 2.0 If Damped

30 -K=.0 ID &OD Attached (NoDemping) , [
020 _____E-
a20
E 10

100 300 500 700 900 1100

TEMPERATURE -OFF

Figure 90. Allowable Bending Stress for Vanes PD 16351
11A

Stress Criteria for Structural Cases

Creep limits: combined thermal and operating loads are as follows. [
1. Total permanent growth limits of 0.5% for Ni base alloy

cases and 0.1% for titanium.
2. 1.3 creep buckling stress margin.
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Yield limits: combined thermal, operating, and maneuver loads at

maximum pressure or Mach number points of the operating envelope are
as follows.

1. Hoop limited: 90% of 0.2% yield strength or 67% ultimate
strength for turned cases and 85% of 0.2% yield strength
or 60% of ultimate strength for axially fusion or flash[ butt welded cases.

.2. Bending limited: 100% of 0.2% yield strength or 75%
ultimate strength.

3. Buckling limited:. 1.3 stress margin for pressure and
moment buckling.

V (5) Interstage Compressor Bleed

A bleed is required in the compressor, in addition to the cabin
I air bleed, to unload tne engine for starting and to match the compressor

at some idle conditions. The bleed was used in preference to variable
stator geometry. This eliminates the inefficient wall conditions im-
posed by variable stator end gaps. The most effective type bleed is
an interstage bleed so that the blade gas loading on the last stages
will be relieved. It is sized to prevent stalling the front stages
at idle, therefore precluding vibrational problems and still maintain-

j ing a wide range of efficient operation.

A bleed area of 50 in. 2 has been provided by using eight poppet-
type valves with an area of 6.25 in. 2 each. These valves are operated
automatically through signals provided by the engine controls. The
valves operate by mechanical spring and differential air pressures
acting on an internal piston and the sealing poppet.

To obtain a uniform bleed completely around the high pressure com-
pressor, an open annulus was included in the design. Gas generator
structural loads through this area are carried in the manifold case.
(See figure 91.)

S5t-8tag 6th- Sage

""[-Bleed Manifold

[ Positio Bleed Air

Ambient
or High
Pressure

Figure 91. Compressor Interstage Bleed Valve FD 16419
IIA
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The annular bleed was chosen for several reasons, primarily: L
1. For the required area, the annulus results in the shortest

axial length.
2. An annulus uniformly around the compressor results in a ,

uniform bleed and does not induce unsymmetrical surges,
blade excitation, or burner hot spots. [

As shown in figure 91, the bleed air is discharged into the cavity
between the compressor and the fan duct. The required bleed areas for I
starting are shown in figure 48 as a function of inlet guide vane setting[
and location of discharge. Paragraph (2), Windmill Brake - Variable
Inlet Guide Vane, explains the selection of bleed area based on starting
the engine with the inlet guide vane in the crulse position. The bleed
area required could be reduced to 40 in. 2 if it were ducted overboard[
to ambient pressure. The additional weight (14 pounds) and complexity i
in ducting the bleed air overboard was not warranted; therefore the
larger bleed, which discharges into the fan cavity, was selected.

The poppet-type bleed valves used are similar to valves used on
P&WA commercial JT8D and Military JT8 engines.

The valve is actuated by air pressure supplied by the engine. The
valve is spring-loaded open for starting, with the dome connected to
compressor discharge air. At a preset speed, the dome will be vented to [
ambient and the pressure differential across the piston will overcome the
spring and the valve will snap closed. The pressure differential across F
the poppet and the piston will then keep the valve closed. The valve can
be open, if desired, by supplying high pressure air to the dome for
cruise or idle descent conditions.

The bleed valves are oriented between the fan duct struts and installed -
with three bolts each. The tubing connection and mounting bolts are acces-
sible through the access ports in the duct diffuser to facilitate main-
tenance.[I

The sealing disk of the bleed valve will be exposed to 5th-stage air
throughout the flight envelope. The valve, therefore, will have a maximwt
of 1000OF on the seal and fan discharge air, approximately 700°F maximum !
on the main body. Materials for the valve parts will be the same as for
the valves used in the initial experimentAl engine. The major items are J
valve body, &MS 5382; piston, PWA 1010; and valve disk, PWA 1010. Rubbing i..
surfaces on the piston are hardcoated with tungsten carbide and both sur-
faces in contact are lubricated 'uith antigalling compound, PWA 586.

Valves made for the initial experimental engine were satisfactorily
tested through 5000 cycles at 10000F.

(6) Materials Summary I:

Tables 24 and 25 list material choices for the major components of j
the compressor, a representative design metal temperature, and the
primary design criteria.
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Table 24. Compressor Stator Material

Part Name Material Typical Standard Limiting Mode[ Day Cruise Temp (OF)

3rd-stage vane PWA 1202 (8AI-lMo-lV) 695 776* Aerodynamics
4th-stage vane PWA 1202 776 863* Aerodynamics
5th-stage vane PWA 1009 (Inco 718) 863 948* Aerndyramics
6th-stage vane PWA 1009 948 1030* Aerodynamics

7th-stage vane PWA 1009 1030 1094* Aerodynamics
Exit guide vane PWA 1009 1094 I15j* Aerodynamics
Case front AMS 4966 695 Buckling and blade

AMS 49 10  contamination
Case, bleed manifold PWA 1033 and (Inco 718) 750 Yield

"PWA 1009
4th-stage case Ai 4966 775 . Manufacturing
5th-stage case PWA 1033 and 860 Manufacturing

PWA 1009
6th-stage case PWA'1033 and 940 Manufacturing

PWA 1009
7th-stage case PWA 1033 and 1020 Yield

PWA 1009
Shroud, exit guide vane PWA 1009 1085 Manufacturing
3rd-stage blade tip seal AMS 5540 H.C.(Inconel) 695

AMS 5508 Ring(Greek Ascoloy)
4th-stage blade tip seal AMS 5508 Ring 780

"AMS 5540 H.C.
5th-stage blade tip seal AMS 5540 865
6th-stage blade tip seal AMS 5540 H.C. 950

SAMS 5665 Ring
7th-stage blade tip seal AMS 5540 1030

" 8th-stage blade tip seal AMS 5540 1095
3rd-stage KE air seal land AMS 5616 (Greek Ascoloy) 775 Wear depth on land

Yield on support
S4th-stage KE air seal land AMS 5616 863 Wear depth on land

Yield on support
5th-stage KE air seal land AMS 5754 (Hastelloy X) 948 Wear depth on land

- Yield on support
6th-stage KE air seal land AMS 5754 1030 Wear depth on land

Yield on support
7th-stage KE air seal land AMS 5754 194 Wear depth on land

Yield on support
8th-stage KE air seal land AMS 5754 1154 Wear depth on land

Yield on support

*Root temperature
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Titanium is .xsed to the highest temperature that can be substantiated
by Palt experience on the J58, TF30, JT4, JT8D, J52 and TF33 engines. One
criýJu1n fur comparing the JTF17 with this experience is the "combined
strcss" of the blaie attachment dovetail. Figure 92 shows this stress

L plotted with metal temperature together with the material yield strength
and stress rupture. Table 26 shows the length of experience with engines
using the titanium alloys selected for JTFI7. A material development
program now in progress will be vigorously pursued to utilize titanium
to its fullest advantage. Its principal advantage next to strength
density comes as a result of characteristics of low modulus of elasticity
and lovI coefficient of expansion. These are properties that minimize
thermal gradient stresses and improve the LCF potential of a part. New
alloys, such as PWA 1205 (IMI 679) and PWA 1209 (6AI-23n-4Zr-2Mo),
which appear to have higher temperature capabilities than currently
engine-qualified PWA 1202 and AMS 4'32, are being evaluated.

0 Yield

S60

o 170-hr Stres Ruptur

"40 T t-

Eiigine Stage r 2-1
SIn JTFI7 3

M JTFI7 4 M3L- 3 2 JTF17 5
_n i TF30P-1 10
2 TF30P-1 II

_3_ TF3OP-1 12 Stress L; Maximum
"4 JTIID-20 1 Temperature (P/A + Tooth Bending)

500 600 700 800 900 1000 1100
METAL TEMPERATURE-°F

Figure 92. Dovetail Combined Stress for FD 16349
PWA 1202 Blades IIA

Teble 26. P&WA High Temperature Experience With Titanium

.Material Engine Operating Time

PWA 1202 J58 1st-stage compressor blade
TF30 Coressor blades and disks

AMS 4910, 4926 J57 Front compressor cases and
intermediate cases -

r 37,093,238 hours
JT3D Front coirpressor cases and

intermediate casps -
14,985,758 hours

Tr30 Fan, compressor, and inter-
mediate cases
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To provide a durable wear surface, particularly for the titanium
blade damper shrouds, a material development progrtm to improve hard-

facing is in progress. The .nýsign is also being evaluated for the pur-
prse of reducing the area loading on these blade shroud bearing surfaces
for improved wear.

Where temperatures become too high for titanium compressor blades,
WPA 1016 (Waspaloy), modified by heat treatment to obtain properties "
shown in figure 86 is used. A cost comparison with PWA 1003 (Inco 901)
blades resulted in such little difference that the PWA 1016 (Waspaloy
modified) was selected cn its merit of high toughness and high LCF [
properties. The J58 disks, both flat and integral spacer types, with

forging shares more difficult than JTF17 shapes, were made frim PWA 1016
and exhibited very satisfactory engine operating eyperience. This was
selected over AMS 5735 (Tinidur) for its superior LCF properties and
toughness.

PWA 1010 (In.Žoxel 718) is ubcd for the high temperature vanes =ad ca&gs,
chosen for its high strength, law cost and ease of welding and repair
welding (relative to Waspaloy). This selection is substantiated based
on the J58 engine diffuser ease of this material. .

(7) S&imoaiy of ProducL Assurance Considerations

%a) Maintainability

I. The compressor variable inlet guide vane (IGV) assembly can be
assembled to the intermediate case as a subassembly module.

2. The IGV torque tube is assambled quickly by a simple spline
engagement.

3. The IGV and lever are preassembled as a subassembly, re:ducing
final build time.

4. Number of parts and snap diameters of the rotor are .,K; mized
to facilitate rotor balance.

5. Z-spacer and anti-vortex tubes are preassembled and oalanced, F
reducing final build time.

6. Knife edge seals are separate from rotor spacer arms for
economical replacement. I

7. The rotor bore cooling tube is bolted to the rear hub to
prevent wear. The front is supported by a wear bushing in
the front hub. jj

8. Long pilot engagements are incorporated in all rotating
parts to ensure positive seating during assembly and
reliable balanced rotor.

9. Borescope ports are provided for each stage for insnectlon
without excessive disassembly.

10. Rear compressor cases are made of PWA 1009 material which
is easily repair welded.

11. Mechanical joinui of titanium stators permit easy replacement.

12. The total number of final assembly bolted flsanges is minimised.

F
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Wire blade locks that require shearing four wire cross sec-
tions before a blade can become loose. Conventional sheet
metal tablocks have unsatisfactory service experience. Inter-
stage bleed concept reduces number of moving parts by elimi-
nating need for additional variable stator stages. Rotor
unbalance problems are minimized by integral alsK spacers, I
long snap engagement, etc.

2. Guided cantilever stator and IGV have redundancy of an
additional support in event of a cracked vane.

(c) Safety

I. Adequate overspeed disk burbt margin
2. Containment of blade failures
3. Rotor tie bolts capable of withstanding bending moments

created by the loss of 10% of the airfoils of any one stage
while continuing torque transmission to keep the turbine
loaded, preventing overspeed

4. Windmill brake for reducing rotor speed in emergency conditions.

(d) Value Engineering
l. Honeycomb replaced with machine serrated seal lands on

2. KE seal in front of third disk removed

3. Redesigned cooling air boretube from two machined forgings
to a weldment

4. Front hub constructed of PWA 1003 (Inco 901) instead of PWA
1016 (Waspaloy)

5. -=!.f~d zcr;uz trairn of thE IGV brake.

(e) Human Engineering

1. Means are provided on disks and blades to ensure correct assembly I
2. Rotor balance weights are interchangeable to eliminate misassemblyI 3. Rotor tie bolts capable of being stretched hydraulically
4. Stator ID seal lands have offset rivet and hole combinations

tto ensure correct assembly.

BIIA-103
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t. General Description

The pritty combustor designed and developed to meet the objectives
and requirements of the JTF17 engine is the annular ram-induction burner.

[ The ram-induction burner concept is based on efficient use of the velocity
I head of the air to create a turbulent combustion zone. Use of this burner

concept results in low total pressure lu3s and a short diffuser.

1 2. Objectives and Requirements

The design objectives for the primary combustor are consistent with
those for the engine, as stated in Section I. Specific objectives for
the design of the primary combustor are:

1 . To furnish gases to the turbine at the desired temperatureand temperature profile

2. To provide the requited heat release of the fuel in a minimum
combustor volume

3. To obtain a maximum turbine inlet pressure by minimizing
combustor pressure losses

4. To provide a low cost, lightweight combustor

5. To achieve high reliability and maximum maintainability

6. To generate little or no smoke and carbon for extended turbine
life at co minimize community air pollution.

-7. To provide for extended service life.

The mechanical -igfn req,..4 ...etz for t'.. pi ,;,,'ay combusror are to
attain a usable life consistent with 50,000 hours of airframe life and
with 10,000 hours of airplane use without major repair. Additional
mechanical requirements which provide safety features and ease of main-
tainability are:

1. Provision for automatically clearing the combustion areas
of combustible fluids after a false start or engine shutdown.

2. Removal of igniters and fuel nozzles without a major dis-

assembly of the duct heater or orimary combustor

3. Removal of the annular combustor without rgmoval of the
turbine with the engine supported only by the integral
mount system.

Design requirements relating to the performance of the primary com-
bustor are shown in table 1.

I EBIB-I
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Table i. Primary Combustor Design Requirements L
SLTO Cruise

Combustor Average Exit Temperature, *F 2300 2200 I
Combustor Maximum Exit Temperature, *F 2530 2375

Burner Temperature Rise (AT) 1598 1149 [
Combustion Efficiency, % .9.0 99.0

Total Combustor Pressure Lose, IAP/Pt, %. 5.7 7.0

3. Design Approach [
The primary combustion section of the JTF17 engine includes that

part of the gas generator between the compressor exit and turbine inlet. j
Figure I illustrates the combustor configuration and the following cora-
ponent parts:

1. Diffuser

2. Dome and swirlers

3. Igniters r

4. Fuel nozzle and support housings

5. Annular combustion chamber j i

6. Transition duct

7. Inner and outer rear cases.

* ~ ~ ~ It tnn C.n1. 7 jtM

!Cu

rkxr a-a 8-r Moduleh

Moale Mo tl

Figure 1. Primary Combustor Cross Section FD 16990 v
BTIB

BIIB-2 "

CONFIDENTIAL[



[ CONFIDENTIAL nwiw ey rcrat
PWA FP 66-100

Volume III

4 The airflow path between the compressor and the annular combustion
chamber is formed by the inner and outer walls of the diffuser. Air
enters the combustion chamber through dome-mounted swirler assemblies

[• and ram air scoops in the combustion walls. The swirler assemblies
provide a flow stabilization region for easy ignition. Fuel is uniformly
supplied to this region through a series of nozzles located in the forward
section of the combustion chamber. Ignition of the fuel-air mixture is
achieved by electric spark igniters. The hot gases resulting from the
combustion process are directed to the turbine inlet by an annular transi-
tion duct contained within the outer and innzr walls of the rear case

-V assembly. The rear cases form a flow path for turbine cooling air that
has bypassed the combustion chamber.

Introduction of air into the burner is accomplished by a ram-induction
process instead of the more conventional full diffusion process, which
depends mostly upon a static pressure drop. Combustion testing has demon-
strated that approximately 95% of the velocity head in a ram-induction
combustor produces turbulence as contrasted with only 60% in the more
conventi•nal static pressure drop burners.

As requested in the RFP, combustor cooling airflows and pressures
as well as metal temperatures are shown in figure 2. These parameters
are described for engine operation at sea level takeoff, accelerationij (M = 1.5 at 45,000 feet) and supersonic cruise (H = 2.7 at 65,000 feet).
Predicted combustor exit temperature radial profiles for these operatingp modes are shown in figure 3.

In addition to desirable combustion performance features, several
mechanical advantages are obtained through the use of the ram-induction

[ burner concept. These advantages, broadly stated, ere:

1. Short combustor length

2. Low combustor weightL
3. EYficient combustor component cooling methods

J4. Low combustor component .ttic pressure loads

5. Ease of removal and replacement of major comp.)ai.ztn.

[4. Detailed Description

A detailed description of the major components and the considerations
Ot•,n dictated the design approach in response to the objectives and
requirements of the primary combustor follows.

a. Diffuser

The diffuser consists of an inner and outer wall and a splitter.
The walls form the airflow path from the exit guide vane of the compressor
to the inlet of the combustion chamber. The splitter extends the full
length of the diffuser and provides two independent annular passages for
control of flow within the diffuser.[

BIIB-3
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The diffuser case is a weldment consisting of the inner and outer

machined forged walls and 12 cast struts, which are butt-wcidel to air-

foil' shaped standups integrally machined into the case walls. Thr- struts

furnish support for the externally pressure-loaded inner wall. A pair
of rings on the ID of the i.nner wall and the OE of the outer wall. located
over the leading and trailing edges of the struts, distribute the loads

into the cases.

Turning vanes are cast into the leading edge of the diffuser struts
to divert air for the aircraft cabin air-hleed system, aircraft anti-icing

system, and the duct heater fuel turbopur.p. The air is fed from the

leading edge of the strut into a manifold welded to the outside of the

diffuser case wall. From the manifold, the aii is ducted to the air-

frame.

PWA 1010 (Inconel 718) was selected as the diffuser case and strut
material on the basis of cost and strength-to-weight ratio comparisons
with other candidate materials. PWA 1010 (Inconel 718) diffuser case

weldments have been su'ccessful in the initial experimental engine a:,,d
the J58 production engine. Experience with the J52 and JT80 engines

have shown that a cast diffuser strut provides a durable low-cost unit.

B!IB-3
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Strength-to-weight ratio and thermal compatibility between the
inner and outer diffuser walls governed the choice of AMS 5536 (Hastelloy X)
as the matarial for the splitter.

The function of the diffuser is to convert a portion of the com-
pressor discharge air velocity head into static pressure. High velocity
(M = 0.35' discharge air is diffused in the two independent, parallel
annular passages leading to the combustor inlet. The air at reduced vel-
ocity (M = 0.20) is then introduced into the combustion chamber through
a series of ram airscoops. These airscoops provide the turbulence and
mixing required to obtain the desired combustion efficiency and turbine
inlet temperature profile.

Use of the ram-induction combustor reduces the amount of diffusion
required, as compared to a static -fed burner, and permits a reduction
in diffuser length and in total pressure loss usually inherent in the
diffusion process.

Combustor development experience has shown that insufficient airflov
to the front end of the combustor results in-carbon deposits on the com-
bustor forward face. Hydraulic analogy of the initial experimental engine
diffuser splitter assembly indicated that the assembly did not provide
sufficient airflow to the combustor dome. Verification of this can be
seen by the circulation areas upstream of the dome shown in figure 4,
and by the low static pressure differentials (less than 1%) recorded on
the 120-degree combustion chamber rig. Design studies indicated that
eliminating the small central diffuser in the nose of the initial design,
and extending the splitter forward to the exit guide vane of the com-
pressor would improve dome airflow characteristics for the production
engine. Operating experience with this design in the initial experi-
mental engine duct heater has been excellent with little carbon formation
and sub •equently no overheating.

High V.1/ity

W. Lo. V.iocty

Rcimlrstion

Figure 4. Water Table Flow Pattern FD 13451E
BIIB
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In the design of the diffuser, emphasis has been placed on attaining
a satisfactory turbine inlet temperature profile by minimizing local
separation and associated wakes due to flow obstructions such as struts
and fuel nozzle stems. Background informaticn provided by P&WA experi-
mental rig cascade testing has shown that to eliminate wakes it is
necessary to maintain diffuser strut thickness ratio at a minimum, In
addition, providing generous fillets at the intersection of the strut
and case reduce interaction of wall boundary layer and the tendency of
flow separation. Figure 5 shows an exit temperature profile as obtained
from the initial experimental engine. No hot spot problems are apparent.
Comparison of the hydraulic analogy of the initial experimental engine,
figure 6,and that of the production engine, figure 7, shows that the
production engine diffuser permits better flow adhesion to the diffuser
walls as a result of the more gradual turning angle allowed with the
extended splitter. The modest diffusion rates governing the diffuser
flow paths have been based on P&WA commercial engine diffuser designs.
(See figure 8.) This comparison indicates that the proposed diffuser
is well within the limits required to ensure stable, unseparated flow
with good recovery efficiency and low flow losses. Table 2 indicates
the design performance for the diffuser.

2100 0 -- --- -

Test Data ined
190t0o ' !- ~with 4.5% Cabin I

ra 1700-.

J.1300 NJ• •'

W Diffuser Case
Struts Locations •,

700 L- . . ..

Strut LI at j II
0-4 8 12 16 20 24 28 32 36 40 44 48 52 56

L VANE NUMBERS

Figure 5. Diffuser Case Strut Locations vs FD 16289
Temperature BIIB
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Figure 6. Initial Experimental Engine Primary FD 16986
Combustor on Water Table Showing BIIB
Streamlines in Inner Diffuser An~nulus

-Engine--I --- 7

L.

Figure 7. JTF17 Primary Combustor Water Table FC 12241
Model BIIB
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Figure 8. P&WA Diffuser Experience FD 16988

3113
STable 2. Primary Combustor Diffuser Design Parameters

SLTO Cruise

Mach No. (inlet) 0.347 0.409
V (inlet), ft/sec 515 687
Mach No. (exit) 0.25 0.293
APIPtl % 1.31 1.84

b. Dome and Swirler

The forward face or dome of the primary combustor is an integral
part of the diffuser case splitter weldment. There are 24 swirl cups
welded to the dome. Tange ial flow swirlers are then butt-welded into

t the forward face of the swirl cups.

AMS 5536 (Hastelloy X) was selected as the dome and swirl cup material
on the basis of high temperature oxidation resistance. The swirler material,
AMS 5382 (Stellite 31) has demonstrated excellent high temperature and
anti-erosion characteristics in the J58 combustor.

The purpose cf the dome and swirlers is to produce a stabilization
region in the primary combustor by the action and interaction of swirler
flow and airflow through the first set of scoops. The tangential velocity
component off the swirler blading promotes circulation. Static air from
inside the splitter is supplied :o the louvers formed by ti-e dome, swirl
cup, and swirler. The design utilizes the film of air formed on the dome
and swirl cup walls to cool the parts. The air film also provides a wash
to prevent carbon accumulation, thereby reducing turbine airfoil erosion.

SC BOIB-9
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The swirler geometry is governed by the amount of turning required to
prov-de a stabilizing region for combustion. The pitch-to-chord ratio
for the production engine swirlers is 0.58. This pitch-to-chord ratio
is used on the J58 with excellent swir'er characterlitics.

c. Ignition System S~I
The ignition system consists of dual 4-joule electric spark igniters.

These igniters are designed to extend from the primary combustor case
through the duct heater combustor support case struts. This extension
allows the igniters to be removed without removing the duct. (See fig- I
ure 9.) The two igniter bosses on the outer duct may also be used as

borescope bosses for inspection of other primary combustor components.

I

ygja"ISa g nut. Nut

S. h- in trosh u t

with uter ion wnectr
" Reove outmier ilvsr

Figure 9. Primary Combustor Igniter Removal Fly 16879

BIIB Ii
ognitioa tests on the 120-degree segment rig, figure 10, show that [

the fuel/air ratios are in a region where ignition is rapid. Both the
initial experimental engine and full-scale comrustor rig tests at sea level
start conditions confirm excellent ignition characteristics. [

BIIB-Ic,
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[ ~~ .02U d. Fue NozeWn upotHuigFigure 10. 120-degree Segment Rig Ignition Tests FD 16933

The fuel system for the annular, ram-induction combustion chamber
consists of 24 individually removable, dual-orifice, variable-area sec-
ondary nozzles. The system has a maximum-to-minimum flow ratio capability
of 60:1.

f The fuel nozzles are housed in individual supports mounted on the
I diffuser case. Each assembly slides radially inward through the diffuser

case and is retained and positioned by a flange. This tonstruction per-
mits ease of inspection or replacement of the nozzles. Removal of a
nozzle is illustrated in figure II. Disassembly of the access port covers
and the inner panels on the duct heater exposes the fuel nozzle housing
assembly of the prirary ronbustor. The fuel nozzle housing can be removed
after the fuel line to the nozzle assembly is disconnected.

The outer end of the nozzle support houses a replaceable fuel strainer.
An airfoil-shaped, sheet metal ' 1eatshield is attached to the support whcre
it passes through the diffuser flowpath.

f BIBE-IAl
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Figure 11. Primary Combustor Fuel Nozzle Removal FD 16880 [
BIIB

Pressurizing valves for the dual-orifice system are incorporated into
the nozzle housings as close as possble to the orifices to avoid fuel
boiling and coking effects that migh: occur in the interconnecting passages

if the valves were located farther rom the nozzles. An air-sweep guide

has been incorporated as part of the nozzle to reduce turbine erosion by [I
preventing carbon accumulation on the nozzle tip, and to augment the fuel

swirl provided by the fuel nozzle.

The materials and material selection for the many detailed parts of !

the fuel nozzle are based on extensive J58 combustor experience at
environmental temperatures similar to that in the production engine.

The nozzle support is a one-piece cast AMS 5382 (Stellite 31) structure.
The material choice was made on the basis of weight and high temperature

capability. [
Fuel passage size is limited to those passage sizes which conmmercial

engine experience has shown to be acceptable to ensure minimum suscepti-
bility to contamination and sticking of the variable-area nozzle valve.

The adequac- of nozzle spacing to provide adequate fuel coverage has
been proved by t0'e excellent temperature profile results reported on the
Performance Report, Volume III, Report A. The fuel system flow charac-

teristics are shown in figure 12. The spxay characteristics of the

nozzles are illustrated in figures 13 and 14.

BIIB-12[
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IlkI

Figure 13. Fuel Nozzle Spray Characteristic FE 58658A
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Figure 14. Fuel Nozzle Spray Characteristic FE 58659A [

(300 psi) BIIB

e. Annular Combustion Chamber

The annular combustion chamber of the initial experimental engine was •,

formed by welding the ram airscoops into a one-piece annular shell that i
w~s supported by a cooler secondary wall. This weldment was then retained •-
in the combustion chAmber cases by a series of radial pins in the diffuser

housing struts. The combustion chamber (figure 1) has been greatly improved I
by suspending modules containing the ram airscoops directly from the com-

Pustion chamber cases. This modular concept minimizes the structural and
hermal problems associated with the previous design and improves main-.-
a inability. The outer combustor shell is composed of 24 modules with two .

primary ram airscoops and two secondary ram airscoops per module. (See

figure 15.) The inner combustor shell is composed of 24 scoops per module ,
as shown, in figure 16. The modules are weldments made from sheet metal i
stampings. Turnin•g vanes are nicrobrazed into the scoop. i

The scoop pattern used in the design is divided axially into three
sections; the ft,rward two sections direct the primary air, and the rear

section d'rects the secondary air. Air is introduced into the forward
sections through axially staggered ram airscoops mounted on the outside f
of the shells that compose the combustion chamber. This air provides a

stoichiometric fuel/air mixture within the chamber. The single row of
L--:•ondary scoops is mounted on ýhe shells and is located within the
chamber. Air introduced through the secqndary scoops ensures uniform. I

mixing and di-lution of the burning primary gases. .

BIIB-14
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Slotted Track-Puller Hole

rigure O. Outer Combuscor Module, FD 16857
BIIB

{ -- ~~~- - -Engine.. ___--

[ Inner Combustor Case

F Secondary Scoop
• L'---Puller Hole

.Figure 16. Inner Combustor Module FD 16856
BIIB

Radial support for the scoop modules is provided by slotted tracks[ butt-welded into the combustor cases as illustrated for the outer case
in figure 15. Lugs on the inner and outer scoop modules are positioned
between axially spaced lugs on the tracks. The scoop modules are slid
axially 0.7 inch to engage the track lugs. Retaining segments prevent
further axial movement.

There are eight bosses on the outer case, two of which are used for
primary combustor igniters. The remaining bosses can be used for bore-
scope inspection. These borescope ports allow inspection of the primary
combustor, fuel nozzles, swirlers, combustor scoops, transition duct,
and the Ist-stage turbine vanes.
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FWA 1010 (Inconel 718) wa6 selected as the material for the combustor [
cases on the basis of comparative cost and strength-to-weight ratio with
other materials. Module material is AMS 5536 (Hastelloy X) chosen on the
basis of high oxidation resistance characteristics and creep properties -i
at elevated temperatures.

The structural design approach was to utilize the ram-ind ction con-
cept to maximum ad.vantage. Because this type burner does not rely on a
static pressure differential across the combustion chamber liner (as
does the conventional combustion chamber), the pressure loading of the
scoop modules is much lower. The high velocity flow over the modules and [
through the ram airscoons provide basic cooling by convection with supple-
mental cooling supplied to those surfaces directly exposed to the hot
gases. These inherent features of the ram-induction burner provided for i
an extreiaely reliable and lightweight design.

The modular concept used in the annular combustion chamber minimizes
the buckling load on the outer combustion chamber wall. Use of the modules
effectively breaks the external pressure load on the wall into a number of
small inward loads that are sustained by the hoop-loaded outer case. The
bunkl'!r- t.ne. imposed on the inner burner case is partially counteracted [.
by the hoop-loading of the inner combustion chamber wall.

The concept of supporting the combustor and transition duct from the
inner and outer burner case walls ensures structural efficiency for the L
design, and provides the following other advantages:

.. Allows removal of the entire annular cumbustor or re-
placement of individual modules without iemoving the
turbine.

2. Avoids thermal growth differentials resulting in sup-
porting and sealing problems by allowing the modules to
flex and move with the case. [9

Full-scale rig testing of the initial experimental el ,M :bustion
chamber demonstrated excellent combustion performance. Further develop- -
ment of the combustion chamber in a 12C-degiee segmented rig resulted in [
modifications that simplified the construction and increased the durability.

The rig tests indicated that the production engine combustor, which i.
uses internal secondary scoops and external primary scoops as compared
to the initial experimental engine-combustor that has internal scoops
for both secondary and primary, equals the performance of the initial F
experimental engine. A reduction in the number of required primary L
scoops and the use of external scoops in the primary, simplifies con-
struction and eliminates primary scoop cooling air requirements.

The number and arrangement of the ram airscoops required in the pro-
duction engine to furnish the desired temperature and temperature profile
to !-he turbine are shown in figure 17. The ram scoop configuration is con-
toured tj (1) minimize drag, (2) minimize the associated wakes that result-
in a reduction of pressure potential for mixing, and (3) to improve the
temperature profile. The importance cf available pressure loss for mixing r I
is evident from the segmental rig test data.I

BIIB-16
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Figure 17. Schematic of Scoop Arrangement FD 16264
BITE

The scoop aerodynamics for the production engine design were estab-
"lished by full-scale rig testing. The tests indicated that scoop dis-
charge shape affects both penetration characteristics and pressure losses.
Penetration correlations developed for different discharge hole shapes
show that external scoops with square holes provide adequate penetration
for the primary combustor zone. Figure 18 shows the similarity of pene-
tration for the initial experimental engine and the production engine.

The secondary scoops require better penetration characteristics than
Sthe primary scoops because of the higher combustion gas momentum at the

secondary scoop injection point. The rig test data show that scoops with
high length-width ratios provide better penetration than scoops with !
Square shaped discharge. Figure 19 shows a comparison at similar flow
conditions for a squiare scoop discharge configuration and the 1.55 length-
to-width ratio configuration that was selected for the final design.

Combustor primary airflow in the production engine design has been
increased from that used in the initial experimental engine combustor.
Phase II-B statistical ccnbustor air distribution data and Phase I-C
full combustor rig testing have shown that a lean primary mixture reduces
carbon and smoke formation and proc ices a more desirable temperature

S~BMI-17

[ CONFIDENTIAL



Praftt&Whftney Aircraft CONFIENIMAL
PWA FP 66-100
Volume III

profile. The variation of percentage of open air distribution (which is
directly proportional to the airflow) with burning length for the initial
experimental engine combustor and the production engine design is shown
in figure 20. This figure also illustrates the shift of airflca to the
combustor primary scoops, which results in a leaner primary mixture.

C 80, Inita Epimtal Engine -

Primary Scoop
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Figure 18. Primary Scoop Penetration FD 16260

BIIB
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Figure 19. Secondary Scoop Comparison FD 16272
Bl1B
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Figure 20. Primary Combustor Open Area FD 16268
L Distribution vs Burning Length BIIB

Development of the initial experimental engine combustor has shown

that staggering scoops between the ID and OD walls also helps to reduce
carbon formation and increase combustor durability. This feature is

incorporated into the prod'tction engine scoop pattern. The single inner
and outer rows of secondary scoops for the production engine design are

located in the same axial plane, but the inner and outer scoops are
alternated around the circumference. Segmental rig test data have

shown the capability of a single row of secondary scoops to produce a[ flat exit temperature profile. (See figure 21.) The penetration char-
acteristics of the production engine and the initial experimental engine

secondary scoops are shown in figure 22.
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Figure 21. Radial Temperature Profile FD 16269
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Figure 22. Secondary Scoop Penetration FD 16261
BIIB

Early tests on the full-scale JT4 combustor rig showed evidence of
scoop burning on the dischargeedges, and overheating of the internal
scoop ramps. (See figure 23.) Improved cooling techniques have since
been developed and successfully demonstrated. (See figure 24.) These
techniques have resulted in i-creased reliability. Furthermore, addi-
tional air is allowed to spill over the scoop rdges to provide an
insulation blanket between the hot combustion gases and the scoop walls
in the production engine. Penetration air is kept in a separate parti-
tion in the scoop and guided to the scoop exit. The desired scoop mass
flow, velocity, and area characteristics are illustrated in figure 25.

Substantiating performance data, in addition to that already
discussed, may be obtained in Volume III, Report A. The following
pertinent data are reported:

i. Outlet temperature profile map and radial profile

2. Efficiency

3. Pressure loss

4. Fuel/air ratios

5. Combustor metal temperature profiles

6. Combustor stability during operation and inflight lightoff

7. Heat release rates

8. Cooling air effects

BIIB-20

CONFIDENTIAL



CONFIDENTIAL a wh•,.y A,.c-0'
PWA FP 66-100

Volume III

tt

Figure 23. Mod 5-1D Primary Combustor FE 55027
Burning and Carbon Accumulation BIUB

SL.ouver,•- 9

SFigure 24. Mod 5-1P Primary Combustor FD 16707
After Testing BIlB
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Figure 25. Internal Secondary Scoop Design FD 16270

Characteristics BIIB

f. Transition Duct

The transition duct section of the primary combustor is an annular
passage directing combustor gases from the combustor to the turbine.

The convectively cooled duct is formed by an inner and outer shellsection consisting of 15 circumferential segments in the inner shell, and
24 in the outer shell. The higher temperature gas path wall of these
modules is attached to the cooler structural wall by a bushing-and- [fastener arrangement. (See figure 26.) This type construction permitsthe hotter wall to float in both the axial and tangential directions to
accommodate the thermal growth differences between the two elements. [

AMS 5536 (Hastelloy X) was chosen as the transition duct material
on the basis of excellent high temperature oxidation resistance propertiesand thermal compatibility with other primary combustor components. Thecapability of AMS 5536 (Hastelloy X) as a burner material has been dem-onstrated on numerous P&WA commercial engines and the J58.

The unique modular construction of the transition duzt and the annularcombustion chamber evolved from design studies directed toward:

1. Low replacement and repair costs
2. Minimum spare part storage requirements

3. Maximum maintainability.

The modular construction allows for replacement or repair of individ- jual modules rather than on entire duct or chamber. Spare elements are
small and can be easily stored.

BCIN-22TA
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Figure 26. Inner and Outer Transition Duct FD 16998
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Figure 27 illustrates the maintainability features of the design.
With the reverser-suppressor removed from the engine, and the engin,
supported on its mount system, the various components of the duct heater,
shown in figure 27, can be removed to expose the soiit outer case of the
ovprimary combustor. With the removal of this case, the OD transition duct
modules are exposed. Removal of these modules provides access to the OD
combustor scoop modules, and the 1st-stage turbine vanes. Removal of

[athe 1st-stage turbine stator vane support segments, the paired 1st-stage
turbine vanes, and the ID transition duct modules allows the ID combustor

-2scoop modules to b removed.

Various methods of cooling the transition duct were studied to estab-
lish the most efficient design considering heat transfer, structure,
manufacturing, weight, and cost requirements. Figure 28 illustrates[ transition duct metal temperature versus percent cooling air for the
convection cooling of an annulus, a tube wall, and a louver-cooled
structure. The modular convective annulus design with a cooling airflowI path height of 0.1 inch for the inner and outer section of the transition
duct proved to be the best design choice for the production engine.
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The reliability of the'convective cooling concept used for the
transition duct has been successfully eemonstrated on the initial experi-Smental engine and on the full-scale combustion rig tests utilizing the
JT4 engine.

g. Inner- and Outer Rear Cases

The inner and outer rear cases of the primary combustor contain the
transition ducts, and provide boundaries for the turbine cooling airflow.
The outer case is split into two 180-degree segments to permit access toSthe modular combustor, transition duct, and lt-stage turbine vanes.
(See figure 29.) A 10-inch, axial access is also provided for inspection

[I or minor repairs in the primary combustor.

Engine

[

rFigure 29. Primary Combustor Outer Rear Case FD 16273
L BIIB

The outer rear cases are designed with a simple valve to automatically
open after a false start or engine shutdown. Opening of the valve permits
drainage of combustion fluids from the combustion areas.

SCase material is PWA 1033 (Inconel 718) selected on the basis of
cost and strength-to-weight ratio and weld repairability comparisons
with other materials.

[ h. Primary Combustor Temperature Analysis

Primary combustor wall cooling requirements are determined through
the use of a digital computer which performs an analysis of a thermal
nodal network of one-dimensional heat flow. Equations describing the
heat flux into a combustor wall element are based on both radiation from

r the luminous combustion products and combustion gas forced convection.
Heat is rejected from the element by (1) forced convection to the high
velocity shroud air, (2) radiation to the cases, and (3) film cooling
techniques of conventional multinozzle combustors. Combustion gas tem-
peratures vary with burning length and are determined by the local over-
all fuel/air ratio.

BIIB-25
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i. Materials Summary

Materials selected for the primary combustor are as follows:

Diffuser Case NWA 1010 (Inconel 718)

Struts NA 649 (Inconel 718) (Cast)

Splitter AMS 5536 (Hastelloy X)

Dome AMS 5536 (Hastelloy X) [
Swirl Cups AMS 5536 (Hastelloy X)

Swlrlers AMS 5382 (Stellite 31)

Nozzle Supports AMS 5382 (Stellite 31)

Scoop Modules AMS 5536 (Hastelloy X)

'Combustor Cases PWA 1010 (Inconel 718)

Transition Duct AMS 5536 (Hastelloy X)

Inner and Outer Rear Cases NWA 1033 (Inconel 718)

5. Product Assurance Considerqtions

Specific maintainability, reliability, safety, and value engineering
features are listed below. These features were discussed in det3il with-
in the design approach section.

a.. Maintainability

1. Igniters are designed to extend from the primary combustor [
through the duct heater case, allowing removal-of the
igniters without removing the duct.

2. Individual support of the fuel nozzles allows inspection
or replacement of nozzles without removal of the primary
combustor.

3. The combustion chamber and transition duct are of modular
construction which permits replacement or repair of W_
individual elements of the combustor. L

4. Support of the combustor and transition duct from the
inner and outer burner case walls permits removal of the |

entire annular combustor or replacement of individual
elements of the combustor without removing the turbine.

5.' Complete removal of the annular combustor may be accom-
plished with the engine supported an its integral mount

system.

6. The outer rear case is split into two 180-degree segments
to permit access to the modular combustor, transition duct,
and Ist-stage turbine vanes.

BIIB-26
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1- 7. Weld repair capability is characteristic for all case

material selections.

8. A 10-inch, axial access is provided for inspection or
minor repairs in the primary combustor.

9. A total of eight borescope ports, including igniter bosses,-
allow inspection of the fuel nozzles, swirlers, combustor
scoops, transition duct, and the lst-stage turbiae~vanes.

[ b. Reliability

1. Diffusion rates governing the diffuser flow paths are well
within the limits required to ensure stable, unseparated
flow with good recovery efficiency and low flow losses.

11 2. Adequate cooling is used in high temperature regions
to ensure long life for component parts.

3. Pressurizing valves are incorporated in the nozzle housingC- as close as possible to the discharge orifices to avoid fuel
boiling and consequent fuel coking.

L 4. Thermal problems are minimized in the design of the annular
combustion chamber by suspending individual modules from the
case walls.

[ 5. Buckling loads on the outer combustion chamber wall and the
inner burner case are counteracted by hoop loadings on the
outer burner case and the inner combustion chamber wall,[ respectively.

[6. Component wear surfaces are hardcoated and easily replaced.

7. Erosion of the turbine as a result of carbon formation in
the combustor is minimized by providing an air'wash to pre-[ vent carbon accumulation.

8. Extensive use on other commercial engines has proven the[ reliability of the ignition system.

9. Fuel passage size is limited to those sizes that commercial
engine experience has shown to be acceptable to ensure min-
imam susceptibility to contamination and sticking of the
variable area .nozzle valve.

10. Fuel nozzle strainers are retained in the nozzle housings
during disassembly of the fuel manifold, thereby protecting
the fuel nozzles from contamination during handling.

[ C. Safety

The design provides for automatically clearing the combustion areas
of combustible fluids after a false start or engine shutdown.
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d. Value Engineering [
i. Cost and strength-to-weight ratio comparisons were made for

all materials chosen for the primary combustor. [
2. Experience with the JSS and the initial experimental engine

has shown that large case weldments from PWA 1010 (Inconel
718) have excellent repairability.

3.- Sheet Metal construction has been used wherever practical
to avoid costly forgings.

4. Cast diffuser strut:s provide a low cost unit as shown by
experience on the J52 and JT8D engines.

5. Modular construction of the combustion chamber and
transition duct allows for replacement or repair of
individual low cost, easily stored elements rather t an
an entire chamber or duct. ,

6. Engine ground handling costs have been minimized by allowing
the removal of major combustor components with the engine
supported on its integral mount system.

L

LB
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C. TURBINE DESIGN

"The JTF)7 turbine is a three-stage axial flow reaction type thct employs
a controlled vortex flow pattern to attain high efficiency at low velocity

ratios. A single high pressure stage drives the high pressure compressur
and two low pressure stages power the fan. The objective was to deszgn a
low weight turbine dith sufficient efficiency and powe' margin to achieve an
engine with a high thrtst-to-weight ratio that delivers high performance.
A three-stage turbine was selected as a result of optimization studies
evalcating the weight, diameter, efficiency, cost, and life trade factors
necessary to set the flow path for the optimum engine. In sharp contrast
to current commercial transpcrt engines, the SST engine will spend approxi-
mately 50% of its operating life at or near its maximum turbine temperature.
This fact is brought out in figure 1, which shows the amount of operating
"time over the life of the engine that will be spent at various turbine tem-
peratures. Note that current engines spend very little time at maximum
turbine temperature. Because of the long time at severe operating con-
ditions (turbine inlet temperature of 220 0 'F) proper turbine cooling and
careful selection of turbine materials are of primary importance. Much
of the discussion which follows treats our approach to these important
areas of turbine design.

Th erodynamic design of the turbine, aimed at achieving light weight
and ad 1uate efficiency, is also discussed in this section of the proposal
as are mechanical design features of the machine. Our method of integrating
the independent turbine test programs to arrive- at the final airfoil con-
figurations is illustrated in figure 26 section 1, report 4 of Volume 5.

"rz 2400 ,.
-- •,• • ~ ~cruise ..... .

Acceleration

f-. 2000 -_ to -

W SST Domestic Mission SST International Mission

&Crrent ginee
- 1200 -,:•;": F:••!:•:• : d:=:

(l INTERPRETATION
At the end of engine life it will have

-pent X% time at or above turbine
t inlet temp•aturp

0 20 40 60 80 100
- TIME AT TEMPERATURE -%

Figure 1. Turbine Inlet Temperature F:hedule FD 16218

77 I. Turbine Cooling

Recognizing that the supersonic transport imposes the requirement on
commercial engines of cruising at high Mach number for prolonged' perieds
near maximum turbine inlet temperature, we undertook a comprehensive pro-
gram directed toward the development of turbine cooling methods that would

BIIC-l
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make such operation practical. This program covered not only the heat
transfer and cooling aspects of the problem, but the equally important
materials and fabrication aspects as well.

The goal of this work was an objective evaluation of all of the im-
portant factors to establish a solid technical foundation for our SST
engine design. Convective, film, and transpiration cooling methods were
analyzed, built and tested both in experimental test rigs and in full-
scale engines. It is frequently assumed that at the heat fluxes associated
with high turbine inlet temperatures, film or transpiration cooling must
be used because convection cooling ca.nnot adequately protect the metal.
However, in rocket engines we have applied convective cooling successfully
at heat fluxes ten or twenty times those encountered in the turbines of
supersonic air-breathing engines. Therefore we have investigated the
application of these advanced convection cooling techniques, as well as
film and transpiration cooling methods, to turbine cooling.

The fundamental criterion used for the heat transfer evaluations is
the cooling effectiveness (0) defined as follows:

T co n
gas metal

-Tgas - T coolant

As can be seen from its definition, the cooling effectiveness is a measure
of how well the coolant is used in controlling the metal temperature. Since
the use of cooling air lowers the turbine efficiency (discussed in detail
in Volume III, Report A) it is necessary to keep the amount used as small
as possible. This means that particularly for the hottest,most severe
environment, the cooling effectiveness must be as high as possible. Fig-
ure 2 summarizes the results of some of the tests performed on various
cooled vane and blade designs. The results are presented as a function of
cooling air flow expressed as a percentage of the engine gas generator flow.
The test data points shown are representative of some of the 63 configura-
tions tested at FRDC. These data were further substantiated by testing of
75 more configurations at our East Hartford facility. The test results can
be grouped into three general categories: current operational convective,
advanced convective, and film cooled. The differe.ice between the advanced
convective and the current operational convective method is the cooling
heat transfer coefficient augmentation provided by impingement cooling of
the leading edge and high coolant velocities on the inner wall.

The fundamental reason for cooling the turbine airfoils is to lower
the metal tempetature enough to obtain long life from the available materials
at the stress level applied in the engine. Calculations were made using
the experimental data presented above to determine the cooling method to
be used in the JTF17 engine and the percent cooling air required. Our
previous engine experience, rig test data, and material properties research
indicated that the average metal temperature should be kept below about
17000 F, to pi..ivide reasonable turbine life. The results of such an analysis
are summarizei in table 1.

BIIC-2
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Table 1.. Results of Airfoil .Cooling Analyb1Z

Ist-Stage 2nd-Stage 3rd-Stage

Airfoil Vane Blade Vane Blade Vane Blade

Average Mid-Span Gas 2256 2011 1830 1721 1600 l,409
[ Temperature, *F

Average Metal 1700 1644 1617 1616 1543 1509
Temperature, *F

Cooling Flow, % 1.9 2.0 1.0 0.5 0.3 0

Cooling Effectiveness 0.48 0.421 0.31 0.18 b.12 0

0.8

Advanced Convective Cooling

- t Ski \
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Figure 2. Blade and Vane Cooling Effectiveness FD 17093
BIIl

it can be seen from the table that the desired metal temperatures can
be obtained with relatively low cooling air flows in all turbine stages and
with cooling effectiveness values that have been demonstrated. For the
first-stage vanes and blades, which run in the hottest environment, a
coolinig flow of about 27. is needed at an effectiveness in the 0.4 to 0.5ii-range. rigure 2 shows that either advanced convective cooling or film
cooling can meet the requirement. We have selected the advanced convective
cooling rather than film cooling -for the following reasons.
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1. Demonstrated Producibility and Reliability - Th, JTFI7 airfoil
cooling system proposed is su.bstantially that used in current
production J58 engines, with improved heat transfer perform-
ance. In the course of developing and producing the J58,
the turbine airfoil manufacturing and quality assurance proc-
esses have been thoroughly established. In thousands of hours
of operation above 2000*F turbine inlet temperature, the depend-
ability of this cooling configuration has been demonstrated.

2. Higher Aerodynamic Efficiency - The aerodynamic losses of the
convective-cooled airfoils are lower t".an losses with film-
cooled airfoils. All of the cooling air is discharged

parallel to the main gas stream at the trailing edge where
it serves to energize the wake and minimize losses. No
cooling air is discharged into the flow passage between
blades, thus there is no disturbance to the main gas stream
flow and boundary layer. Test date shown in figure 3 illus-
trates the change in turbine stage efficiency between the
trailing edge discharge convective method and a film-cooled
airfoil. An efficiency advantage of 1.2 percentage points
i? hown for thp trailing edge discharge method.

S3.0 Nozzle Exit Mach Number 0.91

4 Film Cooled Airfoil

Q 2.0-

ATe, t e prt: Trbr 1.wT. Tr.i*. g , Edg . g 1L Trailing Edge
ApirDi -- tgeh s .R" , -.5 Discharge AirfoilApptt~d 1e-.-rh •cx"dý 1 ttrl tI

S--z scS1d Initial Loss Caused by Surface

9A Roughrncss of Slots
SST Ph se 118 Coioit n -417t . 0

m T-rbi2e .• rte X-212 0 I

Steed Wilisone LAb .< IE 0.5
W] • Initial Loss of the Larger than Normal

Baseline for Trailing Edge Required for Slots

Normal Design 0 - I
Uncooled Airfoil 0 1.0 2.0 3.0 4.0 5.0

COOLING AIR - %

Figure 3. Turbine Stage Efficiency Loss vs FD 16369
Percent Cooling Air Bill

3. Greater Foreign Object Damage Resistance - Because of the
superior cooling afforded by impingement, the leading edge
can be made solid, thereby eliminating film cooling slots
that could clog or be closed by foreign object damage.
Figure 4 shows representative foreign object 'amage that
has occurred in a commercial engine, namely the JT3C.

4. Greater Low Cycle Fatigue Life - The exterior wall of the
airfoil has no holes or slots having severe temperature
gradients, thereby eliminating the stress risers that are
the major factor in low cycle fatigue.

BIIC-4
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Figure 4. JT3C ist-Stage Blades Showing XP 33603
Impact Damage (Commercial) Bill

5. Easier Protective Coating Application - Without the multitude
of tiny slots that characterize film-cooled airfoils, pro-
tecting coatings are easier to apply to the convective-
cooled airfoil. Also, stripping ard recoating is likewise
simplified.

Referring again to table 1, it can be seen that for the second and
third stages, where the environment is less severe than in the first stage,
relatively little cooling air is needed even with low cooling effective-
ness to achieve the desired metal temperatures. Therefore, from the
experimental data of figure 2, it is clear that convective cooling con-[. figurations used in current engines are adequate without refinement. Here
again, as with the ist-stage airfoils, the selection of convective cooling
for the second and third stages allows us to take advantage of a well-
developed technology to effect lower costs and proved reliability. *The
operating environment of the 3rd-stage blade is such that a solid,
uncooled blade is adequate.

-. Figures 5 and 6 show the designs selected for the 1st stage
vanes and blades. The cooling passages, attachments, and general con-
struction are illustrated. As can be seen in figure 7, the 1st-stage
blades selected for the JTFI7 are similar to those used in the J58 engine
in size, shape, and manufacturing technique. The more than 20,000 hours
of test stand and service time accumulated on J58 convectively cooled[ blades provides confidence that this type of blade will perform properly
in the JTFl7. The JTFI7 turbine blade life will be improved over that of
the J58 by cooling the JTF17 Ist-stage turbine blade to an average metal[ temperature of 150 0 F lower than on the J58.
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Figure 5. JTF17 Isc-Stage Vane FD 16774
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Figure 6. 1st-Stage Turbine Blade FD 14287 [
BIIII
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Figure 7. ist-Stage Turbine Blade FE 62007
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SFigure 8. Alternative 1st-Stage Blade FD 17094
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Figure 8 illustrates a slight variation of the impingement-cooledJTF17 1st-stage turbine blade design. This type of blade is currentlybeing tested in the J58 engine test program.

Another convective-cooled blade design currently being evaluated for
the J58 Ist-stage turbine is shown in figure 9. This design is patterned
after the ist-stage J58 turbine vane with a separate cooling tube inserted
from the blade tip, and retained by a pin. This configuration facilitates
incorporation of cooling passage changes within the airfoil, and if initial
J58 tests are successful, will be considered for application to the JTFI7.
The 2nd-stage vanes and blades for the JTF17 are shown in figures 10 and
II. These airfoils are quite similar to J58 design.

Although not illustrated, the 3rd-stage vanes are similar to the
2nd-stage vanes. The 3rd-stage blade, because it does not require cooling,
is of conventional solid construction.

hwert Tube from Tip

r L1.

Pin
Pin Attachment
of Cooling Tube

Figure 9. J58 Thermal Skin Blade Assembly FD 17095
Bill

By means of a detailed analytical model that represents the turbine
including its aerodynamic performance, as well as the cooling and leakage
airflows, the 1st-stage metal temperature profiles for the vanes and -.
blades were predicted. This analysis was made for the following con-
ditions: L

1. Sea Level Takeoff, Maximum Nonaugmented
2. Mach 2.7, 65,000 ft, Maximum Nonaugmented
3. Mach 2.7, 65,000 ft, Idle
4. Mach 0.5, 5000 ft, Maximum Nonaugmented
5. Mach 0.5, 5000 ft, Idle.

The resulting temperature profiles are presented in figure 12. These 1.
profiles were confirmed in tests conducted during Phase II-C.
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SFigure 10. JTF17 2nd-stage Vane FD 16775
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Figure 10. JTFI7 2nd-Stage Blade FD 16776
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I 2. Selection of Turbine Airfoil Materials

UAlthough the selection of all of the construction materials used in
the JTFl7 turbine is an important part of the design, the materials and
coatings used for the turbine airfoils are by far the most critical,
Therefore this section deals specifically with those while other material
selections, such as for turbine disks and shafts, are discussed under
Turbine Mechanical Design in a following paragraph.

We design our turbine blades based on the achievement of a given
life expectancy in the operating environment. Our experience indicates
that the best approach to forecasting the life expectancy of a hot turbine
blade is through the relationship of the 1% creep strength to the imposed[ centrifugal stress. For the rotating blade it has been found that gas
bending, vibrating, and thermal stresses are not major factors affecting
the blade life, and a prediction based on centrifugal stresses alone is
adequate. Gas bending stresses can be eliminated by tilting the bladc,
the vibrations can be damped, and with proper cooling thermal stresses
can be minimized. A life of 10,000 hours for the blades was selected

V as the design goal.

With the operating environment and life goal in mind, candidate
materials were examined for their suitability for this application.
Because the severity of the requirements make very few suitable materials
available, the field was quickly narrowed to PWA 658 (IN-100), PWA 664
(Mar-M200 directionally solidified), and NWA 663 (B-1900). These three
candidates were carefully considered on the basis of their mechanical
properties, the amount of operating experience available, and the accumu-
lated background on fabrication technique and process control.

F On the basis of important mechanical properties such as high strength
at high temperature and creep characteristics, all three are adequate to
meet the life expectancy goal, with NWA 664 material showing an advantage
by a wide margin. Figures 13, 14, and 15 are 1% creep property curves
for PWA 658, PNA 663, and PWA 664, respectively. The curve representing

the design ist-stage blade metal temperature has been drawn on each of
these curves. Also the blade stress level for blades of the same con-
figuration for each of the three materials is shown on the respective
figures. The intersectior of the temperature curve with the stress
level line determines the life expectancy which is seen to be 10,000 hours
for NWA 658, 10,000 hours for PWA 663, and 60,000 hours for PWA 664.

While laboratory tests of mechanical properties and limited engine
testing indicate an apparent superiority of PWA 664, previous experience
has shown that we cannot rely on these indications alone but must confirm
this choice with hundreds of hours of actual engine experience to ensure
the adequacy of a critical blade material. For example, the original
laboratory properties of SM 200 showed it to have superior high tem-
perature strength compared to other turbine blade alloys, and it was
the material originally used for J58 turbine airfoils. As experience
accumulated, this material proved to be difficult to produce in sound
castings and inconsistent in mechanical properties, and it was replaced
by IN-100. We have therefore weighed heavily in our selection process
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the amount of fabrication and operating experience available on the
materials. On this basis we have selected NWA 658 (IN-100) for all of
the turbine blades. To our knowledge, NWA 658 is the only turbine blade
alloy that has been produced in sizable quantities and has demonstrated
reliability in operational experience at 2000*F turbine inlet temperature. '7

200 "

1% Creep Properties at
Design Blade Metal
Temlperature (16447)

---------- 7------- '
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Figure 13. PWA 658 (IN-100), 1% Creep FD 17800
BIII
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Figure 14. PWA 663 (B-1900), 17 Creep FD 17748 [
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SFigure 15. PWA 664 (Mar-M200), 1% Creep FD 17750
Bill

While both PWA 663 and NWA 664 have been subjected to extensive
Slaboratory research work, they have only 500 to 600 hours of engine

operating time, making them a less attractive choice than NWA 658 at
this time. Of the two, PWA 664 represents the greatest future pottntial,
since figure 15 indicates that it may have a potential blade life approxi-
mately six times that of PWA 658. It may also be possible that a higher
blade metal temperature can be tolerated by this material, thereby lowering

f- cooling air requirements and increasing turbine performance. We plan to
continue testing NWA 664 because of this durability potential, and it
can be incorporated into the JTF17 engine if the results of this testing
indicate that this is desirable.

Considerably further in the future, but showing great potential is
NWA 1409 (Mar-%1200 single crystal). This MONOCRYSTALOY* has mechanical
properties that exceed those of PWA 664 by a wide margin except in the
direction transverse to the crystal axis where they are equal. Tnese
transverse properties are not believed to be important in tarbine blades.
Blades and vanes of this material have been fabricated and engine tested
at East Hartford and blades have been made for the J58 engine for testing
at FRDC.

The turbine vanes, although operating under different conditions
of stress and temperature than the bladec are no less difficult a problem.
Since the vanes do not rotate they do nct benefit from temperature
"averaging" by moving through circumferential hot spots as the blades do.

This means that the vanes may be subjected to local temperatures that
exceed the average gas temperature and thus need to be able to withstand
these higher temperatures. We have selected PWA 1035 (TD Nickel) for the
Ist-stage vanes because of its high strength at high temperature. Unlike
other high temperature materials,- NA 1035 does not depend on heat treat-
ment to produce the dispersed phase strengthening; and the dispersed
thoria particles are essentially insoluble in nickel at temperatures up
to and including the melting point, 2650 0F. Temperature excursion beyond

*UAC Trademark BIIC-13
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the design temperature of 1700OF will not significantly reduce its
mechattical properties. Available data indicate that exposure to a tem-

•.rature of 2400 0 F for one hour lowers the room temperature tensile strength
ok~ly slightly. At higher testing temperatures, the effect is even less
significant. Other properL ec such as hardness, average thoria p:rticle
size, and average nickel grain size are essentially unchanged by the above
thermal exposure. A stiess-rupLure curve for PWA 1035 is given in fig-
ure 16 and indicates the high strength at high temperature feature of this
material.

The 2nd- and 3rd-stage vanes operate in a less severe environment
and PWA 658 was selected for these, again on the basis of our J58 exper-
ience with this metal. !t also has the lowest density of any of the
readily available high temperature alloys that meet the strength require-
ments. The stress-rupture characteristics of PWA 658 are given in fig-

.ure 17. 200

10000
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Figure 16. TD Nickel (PWA 1035) Stress FD 15596B
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Figure 17. PWA 658 (IN-IO0) Stress Rupture ?FD 17605
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The materials, NWA 658 and NA 1035, ctnnot survive long in the actual

engine environment unless protected from attack of oxygen and sulfur by
the use of special coatings. A detailed discussion of the selected pro-
tective coatings is given in Volume III, Report F, Manufacturing Techniques
and Materials. Briefly, however, we have selected PNA 62 coating for the
1st-stage vanes. This coating is a complex ternary composition consisting
of nickel-alaminum-chromium. :t has a melting point greater than 2400*F,
and has shown no distress in accelerated sulfidation testing at 1800*F
(100- higher than average vane metal temperature) fnr over 600 hours. Thisf testing is still in progress and is expected to show a considerably longer
life. It should be pointed out that the coating is easily stripped from
the vanes and recoating can be readily accomplished.

F All of the other turbine airfoils are coated with PWA 64, a chromium-
aluminum modified a2.uminide. This coating, like PWA 62, has not been com-
pletely tested and the work is currently in progress. We already have,
however, 800 hours of successful oxidation life testing, 900 hours of
erosion life festing, and 1200 hours of sulfidation life testing. The
hardware may also be stripped and recoated as necessary to imprave
serviceability.

Table 2 is provided as a convenient summary of all of the important
materials used in the turbine. The discussion and just'fication of our
selections of materials for the rotor, case and shroud seals, and the
exhaust are presented later.

Table 2. Turbine Material Summary
Airfoil Material Coating

1st-Stage Vane

Airfoil PWA 1035 (TD Nickel) NWA 62
Platform PWi. 658 (IN-100)

2nd-Stage Vane PWA 658 (IN-100) NWA 64

3rd-Stage Vane PWA 658 (IN-100) IWA 64

ist-Stage Blade PWA 658 (IN-lO0) PWA 64

2nd-Stage Blade NWA 658 (IN-lO0) PWA 64

3rd-Stage Blade PWA 658 (IN-lO0) NWA 64

[i Rotor

Disks PWA 1013 (Astroloy)
Spacers PWA 1007 (Waspaloy)[ Low Turbine Shaft NWA 1016 (Waspaloy)
Knife Edge Seals PWA 1007 (Waspaloy)

Case and Shroud Seals

Case AMS 5707 (WaspaloyT)
Shroud Seals AMS 5754 (Fastelloy X)

[ Exhaust

Case AMS 5707 (Waspaloy)
Guide Vanes NWA 655 (Inco 713)
Temperature Prob% AMS 5536 (Hastelloy X)

BIIC-15
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Figure 18 presents a chart of predicted airfoil life versus metal
temperature for each airfoil acnd illustrates which life limitation will
first be encountered. The low cycle fatigue life of every airfoil exceeds

to 10,000 hours of airfoil life as stated in section I of this report.
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Volume IIIt 3. Aerodynamic Design

The overall thermodynamic performance of the turbine, or its net
efficiency, is determined not only by its aerodynamic performance, but
also by cooling and leakage losses. Airfoil cooling, and the associated
losses have been previously described. In the following discussion theiii aerodynamic design of the turbine is first presented. This is followed
by a description of the means provided to minimize turbine tip-leakage.

The turbine aerodynamic design requirements of inlet temperature,
pressure, airflow, rpm, specific work, and efficiency were established
from the engine optimization studies performed in Phase II-B and Phase II-C.
During the studies, tradeoffs between turbine weight, turbine efficiency,
and turbine diameter were evaluated. Influence factors for each item were
obtained ior the various typical flight conditions. The results showed
that turbine diameter and weight more strongly affected overall engine
performance than turbine efficiency. Consequently, the turbine has been
designed to meet the cycle requirement for efficiency in a lightweight,
compact package. Figure 19 shows the turbine elevation with number of

F" airfoils per row, root and tip diameters, mean chord, and materials.
This configuration combines advanced convective cooling, refined aero-
dynamic design (controlled-vortex), and minimum blade tip clearance.

[,, t
PA.d. C%.M SWab

F TD H A Mt 1 PWA M' MA PJWA PW 44

Figure 19. Turbine Configuration Schematic ED 16223
BIF1

The conventional free-vortex method of turbine design has been in
use for many years at Pratt & Whitney Aircraft and elsewhere. Turbines
designed by this method provide high efficiency at low work coefficient
(2gJAh/U) and at low ratios of axial velocity to wheel speed (Cx/u).
This is illustrated by the parametric lines of constant efficiency in
figure 19A. High efficiency free-vortex turbines, however, are relatively
heavy, and require long highly stressed blades.

The analytical prediction of free-vortex turbine performance is well
established, and accurate, having been verified by tests of a large variety
of turbines over a wide range of operating parameters. This is also
illustrated in figure 20A which shows analytical predictions of free-vortex
turbine performance as lines of constant efficiency, and the measured0 /

BIIC-17t MCONFIDE AL



S• CONFIDENTIAL
P • P t & Whitney Aircrft CN OA A

• ~PWA FP' 66-100

Volume III
efficiencies of a large number of P6WA engine turbines. The agreement
between analytical predictions and experimental results is excellent,

being on the order of within 0.5%.

In the contrclled vortex design, turbine efficiency is increased by
modifying the airkoil spanwise aerodynamic loading distribution to optimize
the performance at each radial station. This design results in a smaller
diameter, lighter turbine which will meet the work and efficiency require-
ments of 86.9% for the high spool and 88.07. for the low spool.

A. Predictod Fry Vonan Efriidney with
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reduced turbine tip clearance as well. All the efficiencies (including [
BIIC-18

CONFIDENTIAL [i



FCHONFDETAL Pm~vfryA"f
NWA FP 66-100

Volume III

. [. the JTF17) given on these two curves are for uncooled turbines. Effi-
ciency losses of 1% in the high pressure turbine and 0.5% in the low
pressure turbine are expected because of cooling requirements. The
necessary turbine efficiencies will be met even with these losses.

S•~t 96....

88

WreVortexz
[ • 84

r ~~

> "761
0 4 6 7 8 10 II

.. OVERALL TURBINE EXPANSION RATIO, Pt5/'t7

Figure 21. Controlled and Free-Vortex Turbine FD 16370
Test Results Bi11

The analytical model for controlled vortex turbinr design uses data
r from the axial flow compressor calculations used in cc npressor design

to solve for radial continuity. This model gives the detailed gas
velocity triangles for which the turbine airfoils must be designe4 . The
midspan velocity triangles for the JTFI7 turbine at cruise are showni in

f igure 22. (",2. •t. h C Ifn 65,000 FEnt)
Inlet Angl Exit dAn to

[ Ist-Stage Vane 90 21.87

1st-Stage Blade 44.76 27.92[ ,tt  9773

2nd-Stage Vane 11"53 34

947A

2nd-Stage Blade 5,34 313

9011

3rd-Stage Vane 727. 36.18

3rd-Stage Blade 63.02 39.38

. *•Velocities Shown in ft/sec

Figure 22. JTF17 Turbine Design Velocity Diagrams FD 16220
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Table 3 lists detailed results of the controlled vortexing. Gas
inlet and exit angles and Mach numbers for each blade or vane are listed.
The work, velocity ratio, and predicted cooled efficiency of each stage
are also given.

Table 3. Controlled-Vortex Results at 65,000 ft M 2.7
Turbine Design Point U

Percent Inlet Exit Inlet Exit Abso- Stage
Reaction Angle, Angle, Mach Mach lute Work Mean Cooled

deg deg ITO. No. Exit rk Ma Cold f
e e. xi Btu/lb Velocity Effi- UAxia.'

Ratio ciency,

No.%
Ist-Stage
Vane

Root 90.0 26.12 0.24 1.07 0.47
Mean 90.0 21.87 0.22 0.94 0.35 -
Tip 90.0 17.99 0.21 0.84 0.26

112.38 0.479 86.9
Ist-Stage
Blade

Root 27 40.54 30.38 0.72 0.95 0.48
Mean 39 44.76 27.92 0.51 0.92 0.45
Tip 5l 47.51 27.82 0.35 0.94 0.44 Ii

2nd-Stage
Vane

Root 50.0 35.5 0.62 0.90 0.52
Mean 53.8 34.0 0.52 0.79 0.45
Tip 61.0 34.2 0.48 0.72 0.38

61.87 0.445 86.5

2nd-Stage
Blade

Root 43 46.0 35.4 0.67 0.89 0.52
Mean 49 56.3 33.8 0.48 0.80 0.44
Tip 56 71.8 31.4 0.37 0.75 0.39

3rd-Stage [
Vane

Root 49.9 39.8 0.72 0.95 0.60
Mean 57.8 36.2 0.49 0.76 0.44
Tip 63.1 35.5 0.37 0.63 0.36

51.85 0.491 88.6
3rd-Stage
Blade

Root 44 50.9 41.8 0.77 0.93 0.62
Mean 50 63.0 39.4 0.47 0.77 0.48 V
Tip 57 91.8 34.9 0.33 0.72 0.41

Exit Guide
Vane

Root 55.4 90.0 0.79 0.56 0.56
Mean 66.7 90.0 0.50 0.45 0.45
Tip 81.4 90.0 0.42 0.49 0.49

BIIC-20
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Table 4 contains-the results of the off-design predictions for oper-

1'ating gas temperatures and pressures at three maximum nonaugmented power
r settings.

i sTable 4. Turbine Stage Conditions at Three
Nonaugmented Flight Conditions

Flight Ist-Stage 2nd-Stage 3rd-Stage Turbine
£ Condition. Inlet Inlet Inlet Exit

Sea level Total pressure, 179.71 83.03 50.28 32.27
static maxi- psiai
mum non- Total temperature, 2760.0 2307.9 2062.6 1911.1
augmented R

36,000 ft Total pressure, 74.99 35.04 21.77 14.99
Mach 0.9 psia

maximum Total temperature, 2705.8 2312.4 2078.6 1956.6
nonaugmented R

65,000 ft Total pressure, 69.71 31.80 19.35 12.48
Mach 2.7 psia
maximum Total temperature, 2660.0 2233.6 2006.7 1857
nonaugmented R

r The controlled vortes method of turbine design maximizes the reaction
at the aerodynamically critical spanwise sections, the root and the tip.
The reaction along the span of each blade is compared with a standard
free-vortex design in figure 23. Secause reaction blading is more efficient

(" than impulse blading, this maximizing of reaction at the blade root and vane
L tip reduces the tendency for flow to separate at these critical sections

and increases overall blading efficiency. It also provides a lower blade
tip static pressure ratio that reduces tip leakage.

L_ Tip Ledkage: Tip leakage losses in a high inlet temperature turbine
operating over a wide temperature range, such as the JTFl7, will be large
if a conventional stationary-shroud, tip-seal design is employed. However,
as shown in figire 24, a gain of over three percent in efficiency of the
high pressure turbine can be achieved if tip clearance is reduced from the
0.082 inch required by a conventional stationary-shroud design to 0.020 inch.[ The "thermal-response" stationary-shroud design utilized in the JTFI7 turbine

'allows operation at this low tip clearance of 0.020 inch with a corresponding
3+% improvement in high pressure stage efficiency. Also, similar, though
smaller, gains are made in the low pressure turbine through incorporation
of this tip-seal design.

The minimum allowable turbine tip clearance is determined by the worse
transient condition of rapid engine deceleration from takeoff power to full
shutdown. As shown in figare 25, during steady-state takeoff power oper-
ation, the temperature of a conventional stationary-shroud is considerably
higher than the temperature of the turbine disk. However, as turbineLi inlet temperature drops rapidly during the deceleration, the low-mass shroud
cools more rapidly than the heavier disk. The faster thermal response of the
stationary-shroud results in more rapid shrinkage in its diameter than the
disk tausing a maximum reduction in tip clearance during the transient, as
shown in figure 25. The minimum allowable clearance occurs at approximately
30 seconds from the start of the deceleration. This requires operation of
clearances at cruise and sea level takeoff of 0.082 inch and 0.100 inch,

ii respectively, with a serious efficiency penalty.

BIIC-21I
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Figure 25. Tip Clearance Control for High FD 17601

Temperature Turbines Bill

[. If the stationary-shroud is designed to operat3 at lower peak tem-

peratures, and its thermal response is matched to that of the disk, steady-

state running clearance can be reduced to 0.020 inch with a significant

improvement in turbine efficiency. This is illustrated by the curves for

the "thermal-response shroud" design ia figures 25 and 26.

18.200

018.140 F46 8

0,100 in.

18gur 0 26.1iA~ K Tip Clearanceo

18.020 0.092 in.
bl i n Stationary Shroud

Cruise I F- Idle

I Conventional- Bade
17.90 A 11Stationary 

Shroud

0 CO 0F40 HTI8L
TIME see

LFigure 26. Tip Clearance Control for High FD 17602
Temperature Turbines BIll
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The controlled thermal-response stationary-shroud design is shown in
figure 27. The maximum steady-state operating temperature is held to
approximately 1150*F, slightly lower than the disk temperature, by internal
cooling using 0.5% of the gas generator flow. This is no greater than the [
flow required to "film-cool" the back face of a conventional stationary-
shroud; however, using it more effectively results in a lower shroud
operating temperature.

The transient thermal-response of the stationary-shroud is determined
by its mass, which is substantially larger than that of a conventional
stationary-shroud. The thermal-response of the "controlled" shroud design
is lower than that of the disk. This provides automatic control of close
clearances, and results in high efficiency and a degree of reliability
unattainable with other methods of clearance control.

Main Flow +)'
Blade

"Shroud

Cooling Airflow

Figure 27. Controlled Thermal-Response FD 17603
Stationary-Shroud for Turbine Bill
Blade Tip Clearance Control

4. Mechanical Design

'he JTF17 turbine is a three-stage axial flow reaction type. The first
stage drives the high compressor and the second and third stages drive the
fan. The general Trchanical arrangement is illustrated in figure 28. The
major components of the turbine section are the rotors, which consist of
blades, disks, and shafts: and the stationary parts, consisting of the

turbine case, vanes, tip-seals (stationary shrouds) and turbine exhaust.
Because of their major importa-ce, materials selection, and the cooling
techniques of the airfoils have beet. described separately, and this is not
repeated in the followi..g description of the mechanical design of the
turbine. Cooling is covered (where appropriate) in the description of the
mechanical design of the other turbine components.

BIIC-24
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a. Rotor

(1) Blade Attachment

The turbine blades are retained in the disks by a bolted fir tree design.,

Fi-ure 28 shows the attachment method for the ist-stage blades. The bolts
that provide blade retention in the axial direction also secure the cover-
p~ate to the disk. The Ist-stage blades may be removed from the aft side
of the disk (after low turbine balanced unit removal) without removal of

the disk from the high compressor shaft. All three rotor stages incorporate
blades that are moment-weight classified. Blades of equal moment-weight
are installed 180 degrees rpart to permit replacement of blades in pairs
without subsequent rebalancing.

The disk and blade attachment point is cooled by the flow of blade
cooling air through the manifold immediately urder each blade fir tree,
as shown in figure 29. The portion of the blades inside the platform is
protected from excessive radiant heating by he tshields fore and aft just
inside the platform, and is protected from conective heating by the cover-
plate on the front (first stage), which seals against hot air leakage across
the disk. The coverplate on the front of the 1st-stage disk also provides
a blade vibration damping system proved effective in the J58 engine.

Blade Cooling Airflow N tPu

f (Uge for Balance

' • Correction)

Blade Vibration

Damper Weight

A Heatshield.
Section A-,

i ~ ~~~Hetathield- ---- '

Figure 29. 1st-Stage Turbine Blade Attachment FD 16221
Bill

Table 5 lists the stress ratios for the blade and the 4isk attach-
ments. The stress ratio is the ratio of the applied stress to the allow-
able material strength at the operating temperature. Also listed on
table 5 are the stress ratios that are considered allowable. These allow-
able ratios are consistent with those in use in current P&WA comir.rciai
engines.
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F 1 able 5. Turbine Blade and Disk Attachment Stress Ratios

Blade Allowable Stage I Stage 2 Stage 3
Attachments Ratio

Ist-neck tensile 0.50 0.50 0.50 0.30
2nd-neck tensile 0.50 0.50 0.50 0.22
3rd-neck tensile 0.50 0.50 0.50 0.13

Tooth bending 0.50 0.23 0.27 0.31
Tooth shear 0.30 0.25 0.22 0.19
Tooth bearing 0.80 0.68 0.55 0.72

DiskLi Attachments

Ist-neck tensile 0.50 0.50 0.42 0.46
S2nd-neck tensle 0.50 0.50 0.37 0.43

3rd-neck tensile 0.50 0.49 0.29 0.33

Tooth bending 0.50 0.22 U.30 0.35
Tocth shear 0,30 0.24 0.24 0.21
Tooth bearing 0.80 0.73 0.57 0.75

(2) Vibration

( Turbine blade vibration results from two principal sources of excitation:
turbulent flow buffeting which produces broad-band excitation, and integral
order excitation which is a function of speed.

Figures 30, 31, and 32 are resonant diagrams of the first, second,

and third stages. In the diagram, the lines of constant excitation (E)
show the frequency response for integral order excitation as a function
of speed. The blade/disk combination has a natural frequency, at which it
is easily excited, which changes with rotor speed as shown in the figures.
The natural frequency of the blade/disk combinations have been designed to
avoid any integral order frequencies within the normal operating range.
This was accomplished by the selection of proper disk thickness and cone
attachment points.

FlThe integral orders of excitation due to inlet distortion are of
low frequency, as described in Volume III, Report B, Section II. Another
source of integral order excitation in turbines of previous engines was
the separate multiple burner cans; however, this source is eliminated by
the use of the annular ram-induction combustor in the JTFI7.

I Another potential source of turbine vibration excitation has been
- avoided by locating ýhe turbine exit guide vanes well rearward. The

16 vanes produce a 16E excitation that is suppressed within four airfoil[ thicknesses when propagating upstream.

Since the Ist-stage blades are not shrouded, vibration damping is
"f. accomplished with a system of toggle weights similar to those successfully

. used in the J58 turbine. The toggle weight configuration is illustrated
in figure 28. This toggle weight design has been found tc exhibit low
wear and long life. Also, the absence of tip shrouds reduces airfoil[ centrifugal stress and pull on the attachment.
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Figure 32. JTFI7 3rd-Stage Turbine Resonant FD 16237

Speeds BillF

The 2nd- and 3rd-stage turbine blades use conventional tip shrouds for

vibration damping. The damping effectiveness of the shroud is a function
I of several parameters, the most significant being the contact (notch)

angle between adjacent shroud rubbing surfaces. As the notch angle is
increased (contact surfaces approach an axial plane) the damping effective-

S~ness diminishes because the contact surfaces become more nearly normal to
the direction of vibration. The highest damping occurs when the contac~t
surfaces are parallel to the direction of vibration. Because the friction

between adjacent blades causes the damping, shroud wear is necessarily
i highest at low notch angles. Therefore, for the long life blades of the

JTFI7 engine, a compromise was rmade to increase the shroud notch angle
to reduce shroud wear. The airfoils are designed to withstand the cor-

S~responding increase in v-ibratory stress. An improved hardfacing material[(IA 65) that is flane-de(osited is used to reduce wear. This material

can be stripped and the blade re-hardfaced as required.

[ Design studies have been made to apply a toggle weight dac•ping system

to the second stage. This wear-free system can be substituted for shrouds

when further verified by test. However, since this design requires an
[• extended neck of 20% of the blade length, it cannot be employed in the

third stage for lack of available space. Other similar methods are being

stud ied.F
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(3) Disks

Each of the three disks is designed for minimum weight consistent
with reliability and life requirements. The first disk has an integral
arm at the bore which eliminates the need of a separate shaft to secure
it to the high pressure compressor shaft. This design has several
advantages:

1. Better alignment due to a reduction in number of joints,
which also improves balancing and maintenance

2. Better vibration characteristics

3. Avoidance of holes in high stress regions.

The 2nd-stage disk also avoids holes in high stress regions. It is
attached to the low pressure rotor shaft by an integral arm rear cover-
plate. The 3rd-stage disk, which is cooler than the other two, contains
a conventional circle of bolts that secure it directly to the integral I
hub of the low rotor shaft. The bolt circle that secures the 3rd-stage

disk to the low rotor shaft contains one offset hole to ensure proper
reassembly orientation and to eliminate the need for rotor rebalance.
after replacement of this rotor stage.

The disks are cooled by compressor discharge air to maintain a low
and Uniform disk metal temperature. This improves low cycle fatigue life
by minimizing disk temperature gradients due to gas stream temperature
variations during engine transients.

Disk burst margin is defined as the predicted speed at which the
disk will burst divided by the maximum operating speed. For the JTF17
engine, a burst margin of 1.3 was selected based on previous P&WA
commercial engine experience. Pertinent disk stress data are shown in
table 6.

Table 6. Turbine Disk Stress Data [
Stage I Stage 2 Stage 3

Bore tangential stress, psi 90,400 65,500 70,500
Average tangential stress, psi 74,200 59,300 59,300
Maximum radial stress, psi 74,200 59,300 59,300
Burst margin 1.30 1.30 1.30
0.2% yield margin 1.14 1.03 1.03
LCF cycle limit, cycles 100,000 100,000 100,000

The accuracy of prediction of disk burst speed has been substantiated
by spin pit tests and experimental engine tests as was shown previously. f

Figure 33 shows the cooling air and leakage flow paths through the
turbine. Compressor discharge air bypasses the burner and is introduced
to the chamber on the front side of the first disk through holes in the I
inner combustor case. This chamber serves as the source of all turbine
rotor cooling air and operates at 95% of compressor discharge pressure. I
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SFigure 33. Turbine Cooling and Leakage Flow FD 17604
Bill

The labyrinth seals which are used to cntrol leakage of turbine
cooling air into the gas stream consist of a series of rotating stepped
knife edges and matching abradable stationary shrouds. The combination
of thin knife edges, small radial clearance, and an adequate expansion
chamber has proved to be very effective in this tyje application. Both
elements of the seal are readily replaceable.

The twin labyrinth seals between the Ist- and 2nd-stage disks minimize
the leakage of cooling air into the hot gas stream. The pressure in the
chambers around each disk is maintained above main stream pressure to
prevent entry of main stream gases. By placing the feed path for blade
cooling air on the back face of the second disk, supporting the disk on
an integral arm coverplate, and incorporating twin labyrinth seals that
are designed to be insensitive to transient thermal conditions, cooling
air leakage is reduced to a practical minimum. Each seal is designed
to be isolated from the thermal growth of any large-mass parts to which
they are attached. A long cylinder or ccne is used to reduce the dis-
placement of the seal during transients, maintaining design clearance
under all operating conditions.

Air to cool the attachment and airfoil of each Ist-stage blade flows

through the scalloped coverplate flange around the bolts to the blade
root. The passages in the extended neck of the blade are sized to provide
the correct amount of air to each blade. This is a fail-safe feature that[ allows one or more of the airfoils to be damaged and yet not have all the
cooling airflow through the damaged blade. Disk cooling air for the 2nd-
and 3rd-.tages is metered through holes in the 1st-stage disk int.egral

arm. The 2nd-stage blade air follows a path up the back face of the disk
similar to that of the first stage. The 3rd-stage air is metered through
holes in the low rotor shaft integral arm.

jj (4) Shaft

The low pressure rotor incorporates a two-piece permanently assembled
[ shaft, as illustrated in figure 28. One piece (a stub) forms the No. 4
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bearing hub. It is pressed to the other piece and permanently riveted;
however, these rivets take no driving torque. Positive torque transmission

is provided through machined integral drive splines. Final machining of
the shaft is accomplished after assembly. An access plate in the rear hub U
of the low turbine shaft permits radioisotope inspection of the entire
engine without removal from the airframe. Replacement of the stub is pro-
vided for in event of damage in the No. 4 bearing compartment area. Tutrine
rotor shafting is designed using the critical speed criteria described in P
Volume III, Report B, Section II. Adequate radial clearance is provided
between the high and low rotor shafts to prevent contact due to unbalance
from up to 107 blade loss.

(5) Unit Construction

Unit construction is incorporated in the low turbine for ease of
maintainability. This allows the low turbine to be removed and replaced
without rebalancing, and tedious stage-by-stage teardown and reassembly
are eliminated. This also permits rapid replacement of damaged 1st-stage
blades, which can be removed from the rear after removal of the retaining
nut.

b. Stationary Components

(1) Case 13
The turbine case holds the vanes in place and is the outer pressure

vessel of the engine. It extends from the outer rear combustor case to
the turbine exhaust case and is fabricated from a one-piece f.rging. [1
The wall thicknesses of the case are set either by machining limitations
or by blade containment requirements. Blade containment necessitates a
0.205-inch minimum wall thickness for the case surrounding the 1st-stage
blades. The remainder of the case has a 0.070-inch thickness. A thickened
exhaust case provides the 3rd-stage blade containment.

A detailed description of the analytical technique used in designing
the case for blade containment is included in Volume III, Report B,
Section II. The design criterion for blade con,:ainment is that the [
strain potential energy of the case shall exceed the kinetic energy
of the failed blades. The case strain potential energy is determined
from material physical property values modified by empirical factors
derived from spin-pit and ballistic tests. Shear containment factors[I
were also checked and found not limiting.

The case serves as a supply plenum to feed cooling air to the vanes
through the annular space between the vane platforms and stationary
shroud seals and the outer case. Case walls are convectively cooled so
that the wall temperature does not exceed 1450 0F. Bosses are provided
on the turbine case to accommodate borescope inspection of the 1st- and
2nd-stage blades. Inspection of the ist-stage vanes (if required more
frequently than at hot section inspections) can be accomplished by bore-
scope through the outer combustor and duct heater combustor support case.
Points of attachment between the turbine vanes and case members are pro-
tected from wear by use of hardfaced surfaces. The 1st-stage vanes may
be removed at hot section inspection. F
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The turbine case holds the stationary-shroud tip-seals in place
Saround each rotor. These reduce turbine tip clearance and leakage, and

increase turbine efficiency. Stationary-shroud seals consist of thermal-
response rub-strips described in the Aerodynamic Design section. Points[of contact between the shroud seals and the case are hardfaced to reduce
wear.

(3) Vanes

All vanes are constructed in pairs with a common platform and attach-
ment. This arrangement provides an important safety feature. In the
event of burnthrough of an airfoil, the remaining airfoil portions
are retained by the adjacent airfoil and platform and attachment structure.
This system also reduces cooling air leakage between vane platforms.

In the 2nd- and 3rd-stage vanes, pairing of the vanes also reduces
weight. The bending moments in the airfoils are reduced because the
interconnecting inner platform converts the airfoils to a guided cantilever
design. This allows the design of vanes of shorter chords. The larger
outer platforms give a longer attachment wheelbase and reduce the loads
induced in the outer support structure. Figure 34 shows a paired J58
2nd-stage vane.

t/

I.

r

Figure 34, J58 2nd-Stage Paired Turbine Vane FE 58814[Showing Lpad Distribution BIII
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(4) Turbine Exhaust Section

Aerodynamically, the turbine exhaust section removes the tangential
swirl from the turbine exhaust. Mechanically, it acts as the No. 4 bearing
support. It consists of an inner and outer case, the exit guide vanes,

and the exhaust gas temperature probes. The outer turbine exhaust case
is made from a one-piece forging.

There are 16 exit guide vanes to remove the tangential velocity in
the turbine exhaust with a minimum pressure loss. These also serve as r
passages for oil and breather air for the No. 4 bearing compartment,
and as the structural support of that compartment.

The inner and outer cases are weldments fabricated from AMS 5707
(Waspaloy). The 16 PWA 655 (Inconel 713) exit guide vanes are brazed L.

into the cases with nickel alloy braze AMS 2675. Brazed joints are used
because of their good heat conduction characteristics. During startup .

and shutdown, the vanes heat and cool more rapidly than the cases. ThisL
design minimizes the thermal gradient between the case and the vane.

Minimum weight is obtained by balancing the combined thermal stresses
in the two cases and the vanes for optimum structural efficiency. The
No. 4 bearing support-and exit guide vane system are designed to sustain
the load resulting from a turbine failure involving a 1071 blade loss,
without stressing the loaded elements beyond the yield strength of the
material. The forward end of the outer turbine exhaust case is thickened
to provide blade containment for the 3rd-stage turbine blades. [

The turbine exhaust gas temperature probes are bolted to a pad on
the inside of the outer turbine exhaust case and supported at the inner
case by a spherical bali (figure 35). This construction technique permits F
removal of the probe from inside the engine duct without access through
the airframe nacelle.

For maintenance purposes, the temperature probe outer case (figure 36) V
can be readily separated from the temperature sensing portion. The probe
is vented through the spherical support ball at the inner end to a tube
in the exhaust tailcone that exhausts at the throat of the primary nozzle.
This configuration aspirates exhaust gas over the thermocouple junction,
providing rapid response.

L.
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Figure 35. Turbine Exhaust Gas Temperature FD 16226
Probe Removal BIII

L ~Temnperature Probe
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Figure 36. Turbine Temperature Measuring Probe FD 16215
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5. Product Assurance [

Many of the design features of the JTF17 turbine have been incorporated
specifically to enhance the maintainability, reliability, and safety of the [engine. Also, special features are included in the design to minimize human

errors in assembly, and value engineering criteria have been applied, for
example, in the selection of materials and in the design of parts subject
to wear and replacement. Some of the more important of these product
assurance features and benefits are tabulated below.

a. Maintainability [
1. The 1st-stage turbine vanes are replaceable without rotor

removal. I

2. Moment-weighted blades are used in all three stages to
permit replacement in pairs without subsequent rebalancing. Ii

3. The 1st-stage blades are replaceable without first disk
removal after low turbine assembly removal. I

4. The Ist-stage vanes, and blades, and 2nd-stage blades
are inspected by borescope. The 3rd-stage blades are
inspected by viewing through the exhaust nozzle.

t

5. Balanced unit construction of the low turbine allows assembly
directly to the engine without rebalancing. I

6. The 3rd-stage disk and blade assembly can be removed and
replaced without subsequent low turbine rebalancing.

7. Labyrinth seals and assoriated abradable stationary-shrouds L
are readily replaceable.

8. Radioisotope probe access is provided through the rear
hub.

9. Exhaust gas temperature probes are removable from inside
exhaust nozzle, making access through aircraft nacelle
unnecessary.

b. Reliability

1. Elimination of separate higli rotor turbine hub reduces joints
in the rotor system to improve balance and vibration char-
acteristics, and eliminate holes in high stress regions of
the disk. 17

2. The Znd-stage disk support arm and rear coverplate eliminates
holes in high stress areas of the disk.

3. All vanes are manufactured and assembled in pairs so that in
the event of a single vane burnthrough the adjacent vane on
the comTmon platform retains the damaged airfoil. I
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4. All cooling air orifices are nonadjustable and not subject
to assembly errors. Blade cooling air is orificed on the
blade at the cooling air entrance. This allows airfoil
damage without affecting the cooling flow to the remaining
blades.

5. The twin labyrinth seal between the first and second disk
is insensitive to transient thermal conditions to ensure a
continuous flow of cooling air to the disks.

6. Adequate clearance is incorporated between the low and high
rotor shafts to prevent contact in the event of up to !0%
blade loss.r

7. The turbine case and turbine exhaust are made from one-piece
forgings avoiding potentially unreliable welds.

8. Convectively cooled vanes and blades are simple,rugged

parts not sensitive to damage by foreign objects.

c. Value Engineering

1. Labyrinth seals and associated abradable stationary-shrouds
are readil-. replaceable without involving large, expensive
parts.

2. Points of attachment are protected from wear by hardfaced
surfaces.

F 3. The lowest cost materials that could satisfy the service
and temperature requirements were selected. Examples of
material cost reductions incorporated in the JTFl7 design
that differ frn a the initial experimental engine tre:[ a. Less costly AMS 5754 (Hastelloy X) in place of PWA 1004

(Waspaloy) for stationary blade shroud seal'

b. Maintenance costs are reduced by the elimination of
separate high rotor turbine hub and associated bolts and
nuts for attachment to fizst disk

C. Inspection costs are reduced because of the access
provisions provided for borescope inspection and
radioisotope probing

d. Balanced unit construction of the low turbine reiuces
maintenance costs by eliminating the neces-ity for
rebalancing after assembly in the engine.

d. Human Engineering

SI. Cooling air distribution errors due to improper assembly are
eliminated by ionad*ustable cooling air orifices.
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-ot. circlv -f the - dis% tac;--,-t to thý hvb [
.•,-tains one ot'fe.,t bole to en,. re proper assc-bly.

3. The kniff edge seias.i '.,d asociated stationary shr-uds contin
offset holes t-d o!nsurý. proper assembly.

4.. The interstage stcztionary shroud diaphragm asse.Tblies are F
*designed to prevent improper assembly. |I

e. Safety Engineering [
I. Access provisions are provided for borescope and radiography

inspection. [

2. 3rd-stage disk sn-] blade assembly is provided with an offset
hole to prevent -. balanced re-ssembly.

3. Radial and axial clearance is provided between the rotor
and the stators to prevent rubbing during all operating
conditions. [

4. Any large axial rotor shifts will bring blades in contact with
vanes before any disk contact is made.

5. Adequate clearance is designed between high and low rotor
shafts to prevent contact in the event of up to 10% blade
loss. [

6. Blades and vanes are designed to prevent foreign object
damage causing loss of cooling. [

7. All hot section parts are cooled where required.

[i

[
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1D. DUCT 'hEAITR

( " Introduction

the high level -•f engine thrust required to meet the takeoff ncise,

transonic accelerati n, and sonic-boom aititude requirements for the

supersonic transport has resulted in a need for a thrust augmentation
system for either turbojet or turbofan. The avumentation systems used
in military service have not demonstrated the dependability and long

life required for commercial airline service. One of the reasons we

have proposed the turbofan engine fur the SST is that it provides a

solution to this tundamental problem.

f Our first experiments teat years ago to augment a turbofan engine by

burning in the fan duct were far from successful; the problems of burning

relatively cool air at low enough duct pressures without excessive
internal drag then appeared insurmountable. More recently, progress has

been made in the TF30 engire by using aerodynamic flameholders in a

coburner arrangement. Our tests indicated that this aerodynamic flame-

holder was one possible approach to augmenting an SST turbofan, but
high combustion efficiency was desired over a wider fuel/air ratio

range than had been demonstrated by this means. Another requirement

that was not demonstrated by any existing burner system was to be able

F to light the augmentor at low enough fuel/air ratios that no sensible
pressure pulse would occur. This objective we felt necessary to minimize

aerodynamic interactions between the aircraft supersonic inlet and the

engine. The ram induction burner concept that we have included in the

JTF17 engine design has met all our objectives:

1. Ignition and flame propagation at below 0.002 fuel/air
ratio, well below the level that would result in a sensible

pressure pulse.

2. High combustion efficiency, burning relative cool air I
over the full augmentation range required, up to 0.060

fuel/air ratio.

3. Low enough pressure loss to retain the low subsonic

fuel consumption characteristic of the non-augmented

turbofan.

This pew augmentation concpnt has m.de Practical the application of

the turb4r=n engine to t!c sup2rso . anpu, L. fy uO doing, it piov±5
a unique solution to the problem of obtaining commercial airline depend-
ability in a high-heat-releasr augmentor system. The burner liners and

outer ducL are cooled by fan discharge air, which is availat -. in largef quantities. The duct burner metal temperatures can thus be brought down
to the level of those in combu-tioa systems now operating cortinuously in
commercial service. This benefit in durability also carries over irtt the

aircraft nacelle structure, which "looks at" a cool outer duct, not at a
cherry red afterburner duct. The fuel manifolds and nozzles are simple
and also well-cooled by fan air so that they will not experience the coking

and maintenance problems associated with fuel systems that live in a high
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temperature turbine exhaust ervironment. The JTFl7 duct heater design
not only takes advantage of the long life inherent with reduced metal
temperatures, but also incorporates such airline desired maintenance
features as replaceable primary combustor modules, easily removable
fuel nozzles, and small replaceable modular outer liner segments.

D. DUCT HEATER

2. Description V

Figure 1 illustrates the two-zone annular ra.,,-induction combustor
(similar in design to the primary combustor described in Section BIIB)
and the following ccmponent parts:

I. Diffuser
2. Combustor support case and gas generator aft support
3. Inlet fairing, dome and sw4 rlers
4. Fuel system and igniter
5. Combustor and liners.

The airflow path between the fan and the combustor is formed by the
inner and outer walls of the diffuser and the combustor support case.
Fan discharge air at a maximum of 660'F ensures that all components are
adequately cooled tn temper:tures commensurate with extended service
life. Fan discharge air enters the combustor through dome-mounted
swirlers and ram-air scoops in modules that form the combustor walls.
The swirlers provide a flow circulation region in which combustion w:ith
smooth ianition can take place. In the ram-ind!-ction combustion region
(called Zone I), fe, is supplied by 40 uniformly-spaced nozzles located
at the center of the annular combustor support case, and in the inlet
fairing and dome assembly. Ignition in Zone I is achieved by electric
spark igniters.

The Zone II combustion region at the combustor exit is used to
supplement Zone I. Air is introduced into Zone II by 90-degree turbu-
lators. Zone II fuel, which is introduced near both the inner and outer
turbulators through 270 uniformly-spaced fuel injectors, ignites spm,-
taneously from the Zone I combustion gases with no significant pressire
fluctuation.

The gases from the duct heater Pre routed to the variable-arei nozzle
by the inner and outer liners and the case assemblies.
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3. Objectives and Requirements

The design objectives for the duct heater are consistent with those
for the engine, as stated in the Introduction, Section I, of this
report. Specific objectives for the design ar'i to:

1. Furnish combustion gases to the nozzle at the desired
average temperature and temperature profile

2. Obtain maximum beat release of the fuel in a minimum
combustion chamber volume

3. Obtain maximum exit pressure by minimizing combustor
pressure losses[

4. Obtain ignition smoothly

5. Provide the capability for effic~ient maintainability by
using parts that minimize assembly time and eliminate
the requirement for special tools

6. To generate little or no smoke to minimize community

air polution.[i

The mechanical design requirements for the duct heater are cor-
sistent with those stated in the Introduction, Section I of this report.-
In addition to meeting the necessary maintainability, reliability, and
vralue engineer.ng requirements for the individual duct heater components,
the duct heater is designed to permit servicing of the components of the
gas generator chrough the duct heater. This feature will be discussed in
mor2 detail in, paragraph b.

!Žcz!~z ~ i~ela ted to duct heater performance are summarized
in table l. In addition to these requirements, the di-ct heater is to
operate over the fuel/air ratio range of 0.002-0.062 and ignition capa-
bility is required throughout the engine operating en-relope.

Table 1. Duct Heater Performance Design Requirements

SLTO Cruise

Combustion efficiency, 7. 91.1 97.0I
Temperature rise - AT, 0F 2880 936

T-ta i,+r'-re 'c-- ",FF, 7% 10.8 8.30
Fuel/air ratio - _ffa- 0.060 0.0153
Duct exit temperature, OF 3172 1596

The most important performance requirement is high combustion
efficiency. The initial required (or goal) combustion efficiencies
given in tabl~e 1 have already been achieved -in the Phase II-C program
during which a total of 421.5 hours of testing were accomplished with
several duct heaters; combustion efficiencies higher than 95% were
confirmed while operating in the relatively low-temperature, low-pressure
environment of the duct fan. Based on this test experience, Pratt &
Whitney Aircraft is confident of achieving a high-performaance, long-life
duct heater design for the JTF17 engine.
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4. Design Approach

[ a. Detailed Description

F A detailed description of the major components and the considerations
that dictated the design approach in response to objectives and require-
ments of the duct heater follows.

17 (i) Diffuser

The diffuser joins the intermediate case to the duct heater combustor
support case, as indicated in figure 2. The diffuser geometry is essentially
the same as that used in the initial experimental engines. The diffuser is
formed by the inner and outer cases which are connected by eight airfoil-shaped

r struts. These eight struts are continuations of the struts in the inter-

mediate case and are used to route the gas-generator plumbing to the
outside of the engine.

Eight round access ports are provided in the outer case to permitk inspection and maintenance of the gas-generator components (specifically

the gas-generator fuel nozzles and inner plumbiag connections). These I
F" ports are located between acc2ssory components and plumbing as illustrated

in figures 2 and 3 and, thus, are readily accessible.

"The inner diffuser wall has a boundary-layer bleed for the duct-
heater-inner-wall cooling air. (Approximately 10% of the airflow is-
bled for this purpose.) The cooling air is bled from the inner -wall
at a location near the trailing edge of the struts. (See figure 2.)

Engine

Quick Release
Intermediate Case Attachment r Fastenerts

B IL
BCoolingt Air Bleed Spacer Ring

SIiI• :ýg t.imented Inner Panel
A-a Port

Sectior B-B

Access Port Cove
Duct Heater Combustor Support Case Attachment

Figure 2. Duct Diffuser FD 16253
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03,W e n g) Primnary Fuel

" 2, 2V •" Nozzle Location

2 180ol 0 Radiu s

_ý20 5i

[
L

Figure 3. Duct Diffuser Case Access Port FD 16252

Location - Looking Aft BI!

The rear inner duct case is split axially into four equal panels r

which have overlapping ioints. The four panels are supported from the L.
inner flangc of the combustor support case. The panels are joined by
quick-release fasteners to reduce the time required for servicing or
inspection of the gas generator. The normal procedure to inspect the
gas generator is to (1) remove the access-port covers, (2) unlatch the
ouicK-release fasteners of the inner panel, and (3) slide the panel

circumferentially out of the way. (See figure 2.)

Butt-weld construction, proven in previous production engines, is
used throughout the fan diffuser to ensure reliability and repairability

as well as to provide readily inspectable weld joints with reduced I
stress concentration. AMS 4910 (A-l10 titanium) alloy is used for all
of the fan diffuser parts. The case is elastic-buckling-limited ard

is sized for a 30% buckling margin. This is an established criterion
proven by comnercial engine experience.

In the diffuser, the velocity of the fan air at cruise conditions [
is reduced from an inlet Mach number of 0.529 to an exit Mach number of
0.211. Table 2 summarizes significant diffuser flow parameters for
cruise as.well as other pertinent flight operating points.

L

Table 2. Design Flow Parameters

SLTO Mach No. = 2.7

Alt = 65,000 ft

Inlet Mach Number 0.449 0.529
Inlet Velocity, ft/sec 635 838
Exit Mach Number 0.194 0.211
Total Pr ssure Loss, 0.9 1.36

AP/PT %-70
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The pressure losses in the JTF17 diffuser arc extreue!y low. Test
results showing the total pressure loss for the diffuser are gi.,en in
figure 4. The test results have also shown that total pressure losses
will increase with a distorted diffuser inlet profile Based on initial
experimental engine tests, the inlet profile is essentially flat at all
flight conditions tested, thus guaranteeing minimum diffuser pressure
losses. Representative diffuser inlet and exit (combustor inlet) Mach
number profiles determined frmm full-scale tests, are shown in figure 5.

Pressure-loading and airflow distribution at the flight points
specified in the RFP are shown in figure 6.

(2) Combustor Support Case and Gas Generator Aft Support

The combustor support case (figure 7), which is made of PWA 1202
(titanium MST811), provides the support for the combustor and transfers
part of the gas-generator load to the outer cases. Butt-welded con-
struction throughout the basic structure minimizes weld shrinkage,
distortion, and built-in stress concentration points. This method of
construction greatly facilitates inspection and quality control of the
welds and provides reliability and structural integrity of the assembly.

The inner and outer walls of the comnustor support case are connected
by eight equally-spaced airfoil-shaped struts. Stiffening rings are
used at the leading and trailing edges of the struts to distribute the
strut loads into the case. The major loads are caused by (1) maneuvers.
(2) thermal gradients between the inner and outer walls, (3) gas pressure,-
(4) combustor blowoff load, and (5) loads from the gas generator. The
outer case is elastic-buckling-limited and is sized for a maximum stress
of 22,900 psi. This design provides a 30% buckling margin, which is a
criteria consistent with commercial engine designs. -:

The gas generator has two supports; the aft support is attached to
the gas generator diffuse: case and the combustor sunpert case as shown
in figure 7. The "load-path" is from the gas-generator diffuser case, .
to the aft support, through the combustor support case. and to the engine
rear mount. The sxpport arrangement permits the use of lightweight
titanium in the intermediate case because iZ reduces the loads and
deflections in the case. A

The limiting leads on the aft support will occur -rino in aircraft
maneuver. PS&A commercial enine Icr P has pron" K' ir

1 !0Cl

stress values of 2/3 the ultimate stren are arceptait e ci-ou
stress-limited short-tine loads.

The material selection for the in-er psrtion of `"- -I, ST-roo 1Q

NdA I10 j9 (lo 1o S S 1  to :vh -> t t ft V a 7 'IT

te-oqetat iri ditx ,:t' s c' 1,.ice of F a r it
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Figure 4. JTF17 Full-Scale Duct Heater Rig FD 16255
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Figure 7. Combustor Support Case FD 16443

The radial square-spline (shown in figure 7) provides quick assembly
or disassembly of the duct heater and gas generator in the same manner
as accomplished on the initial experimental engine. At engine assembly,
the duct heater from the combustor support case rearward is installed
as a major subassembly around the gas generator. The splines transfer

the load of the gas generator into the duct heater cases while allowing

BIID-9
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for radial and axial expansions. To improve wear resistance, the oter
spline teeth are coated with an antigalling dry lubricant compound,
Specificatic- PWA 586-1.

(3) Inlet Fairing, Dome, and Swirlers

Tuie inlet fairing and dome assembly (figures 1 and 8) is identical -
to that used in the initial experimental engines. The inlet fairinZ
channels the air to the inner and outer combustor annuli. Air admitted
through the front of the fairing is diffused to provide a high static
pressure differential across the dome.. This ensures good swirler and
dome-cooling airflows at all flight conditions.

Engine q 1

bWasher

Inlet Fairnog

Snap Ring

HousingCa t Pressure Equalizer

Orifice

Figure 8. Duct Heater Zone I Fuel System FD 17570
BIIL

The inlet fairing assembly is a full annular structure fabricated
from two sheet metal cones. It has 40 equally-spaced support ribs. The
fairing is cut out to clear the eight airfoil-shaped struts in the duct
heater support case. Notches in the strut trailing edges (shown in
figure 7) accept lugs on the inlet fairing dome assembly. Retaining F
pins are used to attach the lugs to the struts. This method of attach-
ment allows relative component part thermal expansion while holding
the fairing concentric in the duct. L

The ribs stiffness will allow a maximum pressure differential of
26 psi across the fairing, which is considerably higher than the maximum
anticipated pressure of 7.5 psi. This maximum pressure would occur only
during the duct nozzle failure modes when the gas flow in the duct
diffuser becomes supersonic.

Inlet fairing aerodynamic characteristics have been visually observed
using a water table. Positive flow to the swirler ports is confirmed by
the streamlines depicted in figure 9.

BIID-10
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VFigure 9. Water Tabl- Analogy Streamlines FD 17049
Feeding Swirlers BI1

The swirler (figure 10) blading has an average pitch-to-chord ratio
of 0.7, which is consistent with P&WA experience. It provides the high-
swirl velocitv necessary to promote circulation by inducing a low-pressure
region in the center of the combustor, and therefore good fuel/air mixing.
Based on previous commercial engine experience, AMS 5382 (Stellite 31)
was selected for the swirlers because this alloy has good oxidation
resistance at elevated temperatures and cart be precision cast and thus
provides a cost saving over fabricated sheet nietal swirlers.

Engine

~ 'SprayI- Pattern

Straight-Blade Swirler

F1et7A AM 30(aselyX

[ Figure 10. Duct Hleater Swirler Arrangement FD 16240
BIT
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A total of 421.5 hours of engine and full-scale rig testing has
shown adequate dome cooling and cleanliness. Figure 11 shows the
excellent condition of the dome assembly; no evidence of overheating L
existed.

Inner Ti,-bulators

Z ne Fuel Noxzles

/..

a WoFront Outer
Cooling Lin ers

Intermediate Outer
Cooling Liners

Figure 11. Annular Duct Heater After Cruise FD 15313
Testing BII -

(4) Fuel System and Igniter

The duct heater has separate fuel injection systems for Zone I and

Zone II. The adequ=•y of the two-zone injection system has been demon-
strated in tests. Figures 12 and 13 present performance data obtained in
Phase II-C tests. As shown, the Zone I system has already demonstrated
the capability of producing more than 95% combustion efficiency at cruise
conditions. The Zone II system, which supplements the Zone I during

aircraft takeoff and aLceleration, has demonstrated the capability to

produce more than 93% combustion efficiency.

The ignition system is composed of two 4-joule, low-tension, surface-
gap spark plugs. The igariter plug. cra cooled by aspirating fan discharge T

air. Tue adequacy of this system has been demonstrated in sea level and

altitude full-scale duct heater tests. Ignition is accomplishcd with a
slight rise in duct heater pressure, as shown in figures 14 and 15.

Successful lightoffs were obtained with combustor fuel/air ratios in the

0.0014 to 0.0048 range. The phasing-in of the Zone II fuel in i7icremental
changes produced no pressure discontinuity (figure 16).

BIID-12
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[ Figure 13. Duct Heater Combustion Efficiency FD 16244
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Sea Level Ignition Test Results lII I

L20-psi Burner Pressure

Conditions Shown for Fue Maifold Pressure

Constant Exhaust Nozzle Area

0 0.5 1.0 1.5 2.0 2.5 3.0

TIME - sec

Figure 15. Full-Scale Duict Heater Rig - Cruise rD 1.5303A [
Ignition Test Results lII

CONFIDoENTAL



.CONFIENTI Pratt & Whtney Plrcraft
FWA FP 66-100

Volume III

Zone I F/A 0.03, Zone 2 F/A 0.006
F

[ Zone II Manifold Pressure

[ ~3W( paid

{ -Duct Heater Pressure

0.10 sece

Figure 16. Rate of Duct Hcater Pressure Rise FD 14605E

With Addition of Zone II Fuel B11
r (Rig Data)L

Overall duct fuel system flow range is determined from the range of

F- fuel/air ratio requirements. The minimum fuel/air ratio has been set

at 0.002 for ignition. At this level there will be (1) negligible fan
duct pressure and airflow upset during duct heater lightoff, (2) no change

in aircraft inlet setting during duct heater lightoff, and (3) smooth thrust
transition at lightoff.

The maximum required fuel/air ratio is 0.060, and it occurs during

acceleration at a sea level Mach number of 0.7. From the operating[ envelope, the minimum and maximutm fan airflows are 75 lb/sec and 476 Ib/sec,

respectively. From the above, the required maximum-to-minimum fuel flow

- ratio is determined as follows:

Maximum Fuel Flow 0.060 476
Minimum Fuel Flow 0.002 - 75  190.5

The maximum available preasure drop based on fuel pump design pressures

a and line losses is estimated to be 800 psi. The lowest allowable pressure
drop with which adequate fuel atomization can be achieved, is 15 psi. The

"maximum-to-minimum fuel flow ratio available from a single set of fixed

geometry nozzles is the square root of the ratio of the maximum pressure
" drop to the minimum pressure drop ( -,(-800 115)) or 7. 4 .Comparing th is ratio

with the required ratio indicates that a fixed geometry system would not
be adequate without using undesirable high pump discharge pressures.

*Furthermore, it can be shown in a similar manner that different sizes

(but fixed area) nozzles for Zone I and Zone II would also not suffice

and therefore both Zone I and Zone II fuel injection systems use nozzles

having variable-area features.

BIID-15
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The Zone I fuel system is composed of 40 individually removable dual-

orifice nozzles (fixed primary, variable secondary). The fuel nozzle
selection is based upon J58 engine experience with this type nozzle. |
Identical fuel nozzles are also used in the JTFI7 primary combustor.
These fuel nozzles will provide spray characteristics (i.e., atomization
and spray angle) that have demonstrated combustion stability and high I
performance in the J58 and other P&WA engines. 1.

A Zone I nozzle installation is shown in figure 8. As shown, the F
fuel nozzle cartridge is inserted into a ffachined cavity in the support;
a series of holes allows cooling air to be aspirated inwardly to wash
the nozzle face and prevent fuel coking and carbon accumulation. Each F
fuel nozzle is protected from contamination by a strainer located in the
nozzle housing. The fuel strainers are cylindrical and are made from per-
forated sheet metal having 0.012-in. diameter holes, which are smaller than
6k, holeb in the fuel no,.zle. rney are simiiar to the J58 fuel strainers.
Each strainer is retained by a snap ring so that no contaminants can enter L
the nozzle housing while the Zone I fuel manifold is removed. Metal K-type
seals are used at all the mechanical joints. Experience on the J58 enýUtle

has indicated a very high reliability for these seals in alternating 1Ai...

flowing and nonflowing applications.

f

The Zone I fuel system has 6 cluster manifolds, each having either
6 or 7 nozzles, depending on cluster location. The cluster system is
used because of weight considerations and simplicity. In a given cluster [
the nozzles are arranged in series. To equalize the pressure at all L
nozzles, each nozzle cap has an orifice of different size (figure 8).

The nozzle caps and connecting plumbing are welded together to form a

cluster manifold. Welding the caps into a cluster assembly prevents

inadvertent installation of the orifices in the wrong sequence or location.

The Zone I system maximum-to-minimum fuel flow ratio capability is
125. The associated system flow and injector pressure drop character-

istics are shown in figure 17. The high value of maximum-to-minimum
fuel flow ratio capability designed into the Zone I system provides
margin for development and optimization of Zone I/Zone II fuel flow
splits for maximum duct heater performance.

The Zone II fuel system adds fuel to the combustor bypass air. This
system is composed of 10 manifold segments (five inner and five outer)
that have a total of 270 injectors. Figure 18 sbows a cross section of
a Zone II fuel injector. Fuel pressure deflects the diaphragm, thereby
providing the required variable flow characteristic. Slots in the seat

impart swirl, resulting in a hollow cone spray. Fuel flow-pressure
characteristics are shown in figure 19. The individual injectors are
threaded into sockets welded to the tubing segments. This design allows [i
the injector elements to be removed individually for ease of replacement
or repair.

An outer m-uifuld segment consists of a centrally located inlet 1.
fitting, tubing, injectors, and end plugs (figure 20). Because of the
degree of reliability and durability attained with butt-welded joints

in the J58 afterburning sprayring, butt-welded construction is used in [
BIID-16
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all Zone II manifold segments. The fuel inlet fitting protrudes through,
and is bolted to pads machined on the outer case. The fittings are .'e
straight-through banjo-type derived from the J58 afterburner sprayrings.
Metal K-type seals are used in Zone TI fittings. Spherical plugs, threaded
into the ends of the segments, are retained in brackets that form thle
segments into a complete ring (figure 21).17 72
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Figure 17. Zone I Duct Heater Nozzle Total FD 16249
Fuel Flow vs Pressure BII
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Figure 18. Zone II Duct Heater Fuel Injector FD 14324A
[ BII
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Figure 19- Zone Il Duct Heater Total Fuel Flow FD 16248[
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Figure 20. Zone II Fuel Manif~ld FD 16247
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Figure 21. Zone II Fuel System OD Bracket FD 17051
BTI

The inner ranifolds are similar to the outer manifolds (figure 22).
Each consists of the. inlet fitting, 3/8-in. tubing, injectors, and end
plugs. The fuel is supplied to the inner manifolds by tubes routed
through the combustor suprort case struts at four locations. The internal
feed lines are then routed along the inner fan duct case to fittings
that project through machined pad, in the duct wall. The manifol( seg-
ments are bolted to fittings from inside the fan duct. Similar brackets
are then used at the segment ends.

Fuel Supply Line -Atting

Upeet End
Inner Fan Duct Tubing

Faeo Inlet MaifoldFitting Mn

Combustor Module ,

Figure 22. Zone II Fuel Manifold ID FD 16245
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The selection of r-.aterials for the Zone II fuel system is based on
successful J58 manifold experience.

(5) Combu4,cors and Liners

The Zone I portion of the duct heater is of a ram-induction design.
Scoops with turning vanes, swirlers, and slots, direct air into thehe
combustor. A Zone II fuel system adds fuel to the Zone I bypass air,
some of which passes through 90-degree turbulators to provide mixing.

(See figures 1 and 110)

The duct heater overall burning length, from the Zone I fuel nozzles
to the duct exhaust nozzle, is the same as that in the initial experi-
mental engine. However, the JTF17 engine Zone I combustor is 6.8 inches V
shorter while Zone IIis longer (by 6.8 inches).

The JTFI7 engine Zone I combustor has two sets of scoops, staggered
axially. The rear set of scoops has been overturned 30 degrees to
inject air forward and toward the dome. The overturned scoops improve
circulation and result in good mixing of fuel, air and fuel/air vapors.
Furthermore, test results with overturned tubular scoops in the Model J
combustor have shown increased fuel/air operational limits as well as
improved combustion efficiency. (See figure 13.) f

A geometric scaling method developed by P&WA was used in sizing the
initial experimeatal engine duct heater, as well as that for the JTF17
duct heater. The open-area distribution of the Model E-9 was used as
the basis for design of the Zone I JTFI7 combustor. (See figure 23.)

0 0100[

JTF17 Duct

Heater, Zone I [_ _

Z 4-0
Z __.I__

_ L _I Model E-9 Shorten Duct He! ter, Rig Zone I

20 t -I

0 2 4 6 8 10

DISTANCE FROM FUEL NOZZLE - in.

Figure 2Y'. Zone I Combustor - Percent Open FD 16239

Area vs Burning Length From BII
Fuel Nozzle
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Figure 24 shows the exit temperature profile of the full annular
duct heater during Zone I operation only. The temperature profile is
peaked in the center. Improved mixing of burner bypass air with the
combustion gases of Zone I would flatten the temperature profile and
improve thrust equivalent combustion efficiency.* In the JTFI7 a set
of 90-degree turbulators (rather than the 35-degree turbulators) has
been mounted immediately behind the Zone II fuel manifolds to increase
mixing of the Zone II air with Zone I combustion gases, and therefore
flatten the temperature profile.

0 3800

Avg Temperature
f I W 3400

_ _

Sa, 32PO

2800 
0

<2400
Avg Pressure

W t2000 i37.0~

Ratio 36.0

120- 3.0E

244 26 28 30 32 343.

ID Wall SPAN AT EXIT PLANE - O6D Wall
Liner Wall 4

Figure 24. JTF17 Full-Scale Duct Heater Rig FD 16242ii Radial Temperature BIT

The combustor is designed to have good maintainability by utilization
of a module concept. (See figure 25.) Two scoops and a base plate make
up one module, which can be individually removed while leaving the inlet
fairing and Zone I fuel nozzles intact. The iiner and outer walls of the
combustor consists of 80 total modules.

The pressure loads on the modules are transmitted into the cooler

and stronger innzr- and outer-duct cases, thus eliminating separate
T .structural rings. With the individual module concept, the scoops can
A.be weld-repaired or the module replaceA individually.

The modules (figure 25) are shaped like circular arcs, so that the
pressure loads are resisted by hoop stresses in the module base plates.
TThe scoops act structurally like square-cross-section beams providing
longitudinal stiffness to the module base plates.

*Thrust equivalent combustion efficiency is explained in Report A,
r Section !II, paragraph D.
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Figure 25. Duct Heater Combustor Module FD 16408

BII I
A module base plate is made from a sheet metal stamping. To each

base plate two scoops are butt-welded to raise "footprints" drawn during
the forming operation. The scoops are made from two stampings that are I
butt-welded together. The scoop turning vanes are nicrobrazed (per

Specification AMS 2675) in place. Machined lugs are butt-welded to the
turned-down sides of the base plate. A wear strip is seam-welded to the.:
forward edge of the base plate. The lugs and wear strips are made of

Haynes L605 because of good wear characteristics proven in J58 engine
operation. The mating surface on the inlet fairing and dome assembly,

and the inner and outer cases are made of AMS 5759 (Haynes L605).

AMS 5536 (Hastelloy X) sheet was selected for the scoop and module

base plate because of its excellent oxidation resistance, gacd creep
properties at eleveated temperatures, and availability. The use of fan
discharge air for cooling maintains metal temperatures at a low operating

level. This air is approximately 900OF cooler than the J58 afterburner

cooling air at cruise conditions. Rig testing indicated module base
plate temperatures of about 1350°F and maximum temperatures at the scoop

tips of about 1500 0 F.

The rear supports for the modules consist of 40 tracks mounted on
sheet metal standoffs that are butt-welded to attachments machined into

the inner and outer cases. The rear suppcrts are readily repairable 1
because the tracks are butt-welded to sheet metal standoffs. The modules
are inserted so that the front portion engages the machined ring on the
inlet fairing and the lug slides into the tracks; the modules are retained

by pins. Figure 25 shows the outer module configuration.

The duct heater outer liners, made of AMS 5536 (Hastelloy X), serve
two primary functions. First, being convectively cooled thermal barriers,

they contain the high temperatures of the combustion gases. Secondly, they
provide acoustic absorption, which stabilizes combustion and reduces engine

noise. [
BIID-22
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Acoustic absorption is accomplished by the forward portion of the outer
cooling liner. This liner is composed of 60 pressure-loaded catenary
"segments illustrated in figure 26. The acoustic liners are perforated withE 0.2-inch diameter by 0.3-inch long standpipes. These perforated liners are
separated by a volume of gas from the engine cases. The mass of gas in the
liner apertures and the volume of gas in the cavity behind the liners form
an oscillatory system that is analogous to a spring-mass system, which has
a frequency response like a Helmholtz resonator. At low incident pressure
wave amplitudes, energy dissipation (and therefore sound absorption) isI_ predominantly caused by Viscous losses occurring as a result of oscillation
of the gas in the liner apertures. At larger amplitudes, turbulence and

circulation caused by higher particle velocities in the liner apertures
effectively control the absorption characteristics. Figure 27 illustrates
the absorbing liner principles.

The variation of the absorption coefficient with frequency for the
JTFI7 engine liner is shown in figure 28. The liner absorption coefficients
are higher in the region of fan-blade-passing frequencies than in the com-

f bustion instability frequency range.

The module concept is also used for the outer liner. As in the com-
bustor, each module is made of a sheet metal stamping. The modules are
retained in tracks, which are welded to the duct outer case. Machined

lugs are butt-welded to the edges of the modules (figure 26) forming

longitudinal beads, which fit into the tracks.r
0D Liner Modules4D Liner Module

Viw %-Standpipe
Acoustic View E View DAcoustic
Absorption - Transverse

rx Section -1/ Convolutions Fr

'7 ~! P ý*tetsiing Pin--1Lne

Track s Module
(60 Places)

OD Liner-, r-D
Mod1L. 

Section F-F

Section B-B

[
Figure 26. Outer Liner Module FD 17048
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The liner modules have transverse convolutions (see figures 11 andF• 2Qto provide longitudinal flexibility and to relieve thermal stress.
S Because of the modular construction concept, a 1.0% creep design criterion

is used. Axial movement of the liners is restricted by pins installed

r in the ends of the tracks. The modules are interchangeable and offer all
zL the maintainability advantages of the duct heater and primary combustor

modules. These are (1) low cost, replacement, and repair; (2) easy
handling; and (3) compact storage of spares.

The inner liner, which is made of AMS 5536 (Hastelloy X), forms a
duct heater inner flowpath wall. The limiting criterion for the inner

[ liner is 30% buckling margin for the pressure loads. This criterion is

based on previous production engine experience. The inner liner uses

film cooling slots similar to all P&WA production engines.

I The metal temperature predictions, pressure levels, and airflow
distributions for all duct heater components are shown in figure 29.
The duct heater outer case metal temperatures are presented as a function
of case heat rejection for the flight points specified in the RFP. This
method of tabulation is utilized because of airframe nacelle variations.

[b. Product Assurance Considerations

Specific maintainability, reliability, and value engineering advantages
are listed below. These advantages were discussed in more detail within
the design approach section.

- (I) Maintainability

1. Servicing of the gas generator is accomplished by 8
access ports accessibly located between external

[ components and plumbing.

2. The use of quick-release fasteners in the diffuser inner

V wall assembly reduces the time required for servicing of
L the gas generator.

3. Quick assembly or disassembly of the duct heater as a unit[ is provided by sliding the duct heater rearward on the radial
square spline of the gas-generator aft support.

4. The replacement of the fuel nozzles in Zone I can be
accomplished without removal of the combustor.

5. The replacement of the fuel injectors in Zone II can be[ accomplished individually.

[
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6. The inner and outer combustor modular construction approach
permits modules of Zone I to be renlaced individually with-
out removal of Zone I fuel nozzles.

7. The modular construction of the outer liner permits Zone II
modules to be replaced individually.

(2) Reliability [K

1. Diffusion rates for the diffuser are based on PWA
commercial engine designs. U

2.. Butt-welded struts of the type used in the combustor
support case have been successfully demonstrated on [
other P&WA commercial engine cases.

3. All-metal K-type seals, which are used for fuel flowing
and nonflowing applications in the fuel system, have
been used in the J58 engine with complete success.

4. Pressurizing valves are incorporated in the fuel nozzle [I
housing as close as possible to the discharge orifices
to avoid fuel coking.

5. Adequate fuel passage sizes (based on commercial engine
experience) are used to ensure minimum susceptibility
to contamination and sticking of the variable-area valves [
in the fuel nozzles. I

6. Thermal stresses are minimized by using the modular con-
struction for the Zone I annular combustor; the modules are
suspended individually and allowed to grow to relieve
stresses when the duct heater is in operation.

7. Component cooling by relatively cool fan discharge air L
(having a maximum temperature of 660 0 F), ensures component
temperatures at values commensurate with long life.

8. Butt-welded construction throughout the basic structure of
the diffuser, combustor support case, combustor scoop
modules, and Zone II fuel manifolds facilit-tes inspection
and quality control and provides reliability arnd structural
integrity of the assemblies.

9. Full-scale test results of the duct heater combustion system
demonstrated ignition system reliability.

10. Zone I fuel nozzle strainers are located as close as possible
to the nozzle orifices to prevent contamination.

11. Zone I fuel nozzle strainers are retained in the nozzle
housing during disassembly of the fuel manifold which
protects the fuel nozzles from contamination during
handling.
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(3) Value Engineering

1. Low cooling air temperatures in the duct heater permit the
use of relatively low-cost commercially available materials.

2. Cast swirlers represent a cost reductian over fabricated
sheet metal types.

3. Zone I fuel nozzles are identical to the primary combustor
nozzles. U

4. Modular construction of the Zone I combustor and Zone II
outer liner permits replacement or repair of these com- U
ponent parts economically.

5. Ground handling costs are minimized by using modular [
construction, which simplifies repair or replacement of
component parts.

6. Cost and strength-to-weight ratio comparisons were made
for all materials chosen for the duct heater.

7. Zone I fuel nozzle housings are castings that result in l
cost savings over a forged or fabricated configuration.

8. Modular construction of both Zone I and Zone II combustors
allows the use of small sheet metal stampings. [

c. Materials Summary

Material choices for the duct heater components are based on demon-
strated mechanical properties, erosion and corrosion resistance, and
service life in previous P&JA production engines.

Diffuser Case [
Sheet Metal Parts AMS 4910 (Titanium A-l10)
Machined Parts AMS 4966 (Titanium A-l10)

Combustor Support Case PWA 1202 (Titanium MST 811) 1
Gas Generator Aft Support

Inner Portion NWA 1009 (Inconel 718)
Outer Portion AMS 5616 (Greek Ascoloy)

Inlet Fairing, Dome, and Swirlers

Sheet Metal Part. AMS 5536 (Hastelloy X)
Machined Ring AMS 5759 (Haynes L605)
Swirlers AMS 5382 (Stellite 31)

Fuel System Zone I [
Nozzle Support AIMS 5362 (Stainless Steel 347)

BEID-28
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Fuel System Zone II

Tubing NWA 1060 (Inconel)
Machined Fitting AMS 5665 (Inconel)
Machined End Plug AiMS 5759 (Haynes L605)

I Combustor Scoop Module

Sheet Metal AMS 5536 (Hastelloy X)
3Machined Lugs AMS 5759 (Haynes L605)

Wear Strips AMS 5537 (Haynes L605)

Inner and Outer Liners AMS 5536 (Hastelloy X)

T
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[
1
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E. EXHAUST NOZZLE

1. General Description

The JTF17 exhaust nozzle system is composed of three basic sections.
These are: (1) the gas generator fixed convergent-divergent exhaust
nozzle; (2) the coannular duct variable-throat-area plug nozzle; and,
(3) the reverser-suppressor section which functions as the final di-
vergent nozzle foi loth coannular exhaust streams. This section of
the proposal will discuss only the first two of these components. The
reverser.-suppressor is discussed separately in Paragraph F.

2. Objectives and Pequirements

The JTF17 exhaust nozzle system is designed to be compatible with
the performance requirements of the combined reverser-suppressor nozzle
system as defined in Volume III, Report A, Paragraph E. It provides a
variable-area duct exhaust nozzle to maintain the desired fan operating
point over the full range of duct augmentation, and provides a conver-
gent-divergent gas generator exhaust nozzle for aerodynamic compati-
bility between the duct and gas generator streams. The design propcsed
has been selected L_ :provide:

1. Exhaust nozzles that are mechanically and aerodynamically
stable in all modes of operation and provide a duct nozzle
response rate compatible with engine cycle and safety re-
quirements.

2. Exhaust nozzles that have extended service life and relia-
bility and incorporate maintainability features permitting
attainment of these objectives.

3. A system that requires a minimum of external actuation
force to reduce size, weight, and complexity of the
hydraulic actuation system.

4. A gas generator exhaust nozzle contour that, above idle
power settings, provides a choked exhaust nozzle throat
and subsequent partial expansion of the gas generator flow.

5. A variable-throat-area duct nozzle that is free of hysteresis,
is insensitive to unequal loadings, and that remains concen-
tric with the fixed center plug. This is necessary to pro-
vide a repeatable and accurate input into the unitized engine
control. This control feedback system is discussed in
Volume III, Report B, Section III.

6. The duct nozzle response rates required to maintain control
of the fan operating point during rapid changes of duct heater
augmentation.

7. A positive aerodynamic opening force on the duct nozzle to
ensure its opening in the event of loss of hydraulic power.
Failure mode and effect analysis has determined this to be
the desired failure mode to provide the largest available
engine thrust over most of the operating envelope. The
opening force must be sufficient to overcome system friction.

8. Fire safety at all times by ensuring that there is no
external leakage around actuator rod seals.

BIIE-l
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9. Extended service life by using design concepts, materials,
and coatings that have been proved effective in equal or
more severe service operation.

10. For easy inspection, replacement and/or repair of parts that i
are subject to wear and exposure to the exhaust gas streams. V

11. A nearly "balanced" flap nozzle to permit use of a minimum
size and number of hydraulic actuators, a minimum size hy-
draulic pump, and low hydraulic pressure. This is desirable
in order to reduce weight and cor-plexity and to increase
system reliability and durability. Li,

3. Design Approach I
(a) General i

The exhaust nozzle system has been designed to incorporate devel-
opment and service experience gained from the J58 engine program.

The duct exhaust nozzle relies very heavily on the design and
experience gained in the development, production and service use of
the J58 engire afterburner nozzle. To date, the J58 balanced flap [ u
nozzle has accumulated approximately 20,000 hours of development
engine testing. Of this, over 7700 hours have been at conditions
that equal or exceed those expected on the JTF17. In addition, a
substantial number of service flight hours have been, and are being,
accumulated at these more severe conditions.

The gas generator and duct exhaust nozzles are shown in figure 1. L
Gas Generator Gas Generator Flow

C~nvergent-Dixvergent Nozzle 1 j
CE~

DutFo >Liner Sea Segments
SDuctOue

------ tr Secondary Flow Ring Asesembly
Support

Figure 1. Exhaust Nozzle System FD 16997
BIIE

The gas generator exhaust nozzle is a reinforced, one-piece, sheet
metal assembly that is formed to create a convergent passage, a nozzle
throat, and a short divergent passage.

BIIE-2
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The duct exhaust nozzle consists of:

1. Main Structure
The main structure, shown in figure 2, is a one-piece shell
weldment with integral tracks to position both the synchroni-
zation ring and nozzle flaps.

2. Synchronization Ring

The synchronization ring, shown in figure 3, is a slightly
conical, sheet metal weldment reinforced to provide required
stiffness and to distribute actuator loading. The ring is
supported in the main structure by adjustable guide rollers.

[ 3. Nozzle Flaps and Seals
These components are shown in figure 4. Both are precision
cast units that are hinge-mounted to the synchronization ring.

4. Synchronization Ring Pressure Seal
Backflow between the synchronization ring and outer duct wall
is peevented by a series of pressure balanced sectors that[ form a dynamic ring seal as illustrated by figure 5.

5. Plug
The fan duct nozzle plug is located at the aft end of the duct
as shown in figure 1. It is a double wall, convectively cooled
weldment and serves as the initial expansion surface for the[ duct exhaust stream.

6. Actuators and Mounting
Four hydraulic actuators, as shown in fgigure 6, are nounted to

* the nozzle support structure through a simple replaceable
trunion as shown in figure 7. These are double acting, con-
tinuously cooled actuators that serve to position the nozzle
synchronization ring and attached flap and seal segments andL thus control and establish the variable nozzle area.

[ (b) Detailed Description

Gas Generator Exhaust Nozzle

In designing the gas generator fixed exhaust nozzle, three approaches
were evaluated: (1) ring-reinforced single wall, (2) double-wall con-
vectively cooled, (3) non-reinforced single wall. Of these three
approaches, the ring-reinforced single wall structure proved lightest,
and was used for that reason. All approaches were structurally adequate.
The double-wall, convectively cooled was the least desirable in weight[ and cost.

The nozzle structure is straightforward in concept and execution and
has no expected development problems. It is based on design buckling
margins proved to be sound in J58 externally pressurized structures.

BIIE-3 -
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Synchronization Ring GuL•i-- Tide. _ .

SY.;- on RigTrack

Guide Track View In Direction B

n°D<<- No-11c ASection Dr Section C-C PUPor

Duret Adjustable Roller (Cami Follower
Airflow pressure Seal nhoi-t

Fan Duct 7  ,

AB Nozule Support

View In Direction A Rev-er-Suppre-Jor Support

Figure 2. Variable Nozzle Configuration FD 16409

IBIIE
Duct
Airflow -Section 0-C Adjustable Cam

Follower TypeTea
Roller

pra,,ure Seal Ajuatable Cam Follower Type 7ol ;
Fan 7uRl.-

Secondary B1£
Flow *-

Actuator Attach Bozi Support
Point Section A-A

Sectin XBB

--Nozzle Flap Hinge

AL

Synchronization Ring

Figure 3. Synchronization Ring ED 16393[
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Nonle Segment
I Segment

SA B

View A View B

[ Figure 4. Typical Duct Nozzle and Seal FD 16389
Segments BIIE[

[

on ao upport -inge

= [ Sectondary

Airflow r

Duct Small Reaction Force[Airfl.w PtieaPressureee
-Reaction Force

F yncbronixing Ring-Movable
L. Setin A -A View Looking Forward

Panf Duct[ Stationiry

Figure 5. Pressure Seal Arrangement FD 16397
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Titanium Carbide Bushing r

npngated Fibrous Packing

Nozze Close Signal Spring Washers To Pump Interstage

0 verboard Drain

Actuator Head Coohnt P.turn - To

Pum- p interstar

Figure 6. Duct Nozzle Actuator FD 16395
BIlE

Synchronization Ringo

MMount 

Bushing

__ _ _ ._- - - _ _ _ _ _ \

S~ection A-A 'Pso o

BraketHouingActuator Housing

Figure 7. Duct Nozzle Actuator Mounting FD 16396

BIIE

Duct Exhaust Nozzle

The main structure contains integral tracks to support and position
the synchronization ring and flap seoents. The nozzle flap tracks are
contoured to control radial position of the flap tips to for-- the nozzle
variable-area throat. The 'tacks for the synchronization ring are em-
bedded so that cocking c. unbalance loads exerted by the synchronization
ring rollers will ½: distributed tangentially into the structure shell
without genr-Acing local bending loads that, if present, could result
- z :hortened fatigue life.

To provide for long wearing surfaces, both the synchronization ring
support tracks and the flap segment positioning tracks are fitted with
wear resistant liners. Three methods of attachment are being investi- [

BiIE- 6
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gated: (1) co-extrusion of liner and tracks, (2) diffusion bonding,
(3) mechanical attachment. In addition, the use of various flame
deposited coatings will be evaluated for this application.

[IThe lattice structural support for the reverser-suppressor was
selected to provide a distributed load path around the nozzle and re-

r verser-suppressor structure and at the same time provide a minimum
flow area of 500 sq. la,. for secondary airflow. This airflow becomes
the cooling medium for the reverser-suppressor during cruise operation.

Synchronlation Ring

This ring structure is patterned after tbht used in the J58 engine.{ The adjustable roller supports are the same as used in the J58.

Nozzle Flaps and Seals

Both precision cast units closely follow J58 design practice.
Both are hinge-mounted to the synchronization ring and are loosely
held together ard to the structure tracks during non-operating perior's
by an integral clip arrangement. During operation, aerodynamic loading
forces the seal against the flap and the flap roller against the
structure. The many hours of J58 operation have demonstrated that
PWA 47 coating is an effective wear preventative in the flap and
seal overlap areas.

Analytical studies indicate that the maximum differential pressure
- loading on the variable flaps is 36.7 psi at Mach 2.7 and 53,500 ft.

altitude. The force balance per flap for this condition is illustrated
in figure 8. Note that the center of pressure of the flap is offset
from the roller reaction point to furnish a positive unbalance force
to open the nozzle in the event of hydraulic system failure. This force
varies in magnitude with operating condition, but remains consistent in

[i direction.

The maximum calculated force required to move the nozzle at this
maximum load condition is 14,400 pounds. This results from a combina-[tion of pressure differential and system friction. The force available
from each of the four actuators at a piston AP of 1100 psi is 4400 lb
for a total of 17,600 lb. The required nozzle area variation from 3
to 12 square feet is provided for the full range of nonaugmented to
full augmented operation.

The highest temperatures in the variable nozzle do not occur at
full augmentation conditions where the nozzle is full open, but rather
at a lower level of augmentation where the nozzle is less than full

open and the exhaust stream impingement angles are greater.

[ Cooling is accomplished using fan discharge air as the cooling
medium. Figure 9 is a schematic of the bouidary conditions at the most
severe operating point (Mach 2.7, 68,500 ft partial D/H). The corre-
sponding metal temperatures are shown in figure 10.

[
BIIE-7
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Pressure Distribution

Line Tangent o
Track Surface and
Parallel to Flap [
Surface Typical at

2Any Position

14 lbsI

475 lb_

Figure 8. Nozzle Flap Loading FD 16392
BIlE

Partial Duct Heat at

Alt 68,500 ft

Duct Flow 17SOeFA

___ ~Nacelle Air 520'tF

Figure 9. Nozzle Flow Schematic FD 16881
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S " I Shown in

100Degr7ee

Fahrenheit

11• •0 11• •12 1 ach2.

1217 1650O

Figure 10. Metal Temperature at Cruise FD 16882

[-With Partial Duct Heat BIlE

These temperatures are predicted on the basis of J58 temperature
calculations and test data correlations. Actual temperature measure-

ments ofJ8flaps haecnimdtheir predicted operating temperature
of 1300-1910 0 F. Using the same prediction methods, the JTFI7 flaps
will operate approximately 250AF cooler.

[. Nozzle PlugFaigure 10tea emperatures nteinrpu cu at Cruis auFnaD o 1688

Woth filn coled actv e d sie

SThes e tempe atiure Plug predcte onthebsso5emperaturesColn Fow

forculathios c andent dat couble wati ronv eActuresl cooeadunt was

seectedbcas of itfas maeonfrmed tefiien usedce ofpcooling airendpecatuse

it pro0id0 F. a isgmthe Contrinte sui on i co c t erJen'fap

nozzle Ther colnganuusi approximately 2/4 inc in height.

arNsozzn inTalug 1

[Tal 1.Maximum PlgWltemperatures, Cooeine' cura u liagenaing Flow

and Coolant Static Pressures at Various
r Flight Conditions

COOL-ANT
MAX. WALL COOLING FLOW STATIC PRESS.SFLIGHT CONDITION TEMP. OF % DUCT AIRFLOW psia

Sea Level Static 1500 3.13 36
M 0.5-15,000 ft. altitude 1500 3.0 25
M 1.5-45,000 ft. altitude 1550 3.13 15

M 2.7-65,000 ft. altitude 1700 3.17 22

[ Nozzle Actuation

The nozzle actuators incorporate cooling features and rod sealing

concepts that were developed for, and are used in, the J58 engine at
higher temperatures (Mach 3+) and pressures (2500 psi in J58, 1500 psi
in JTF17). The rod sealing concept subjects the fibrous packing seals

BIIE-9
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only to low pressure. The internal actuator pressure is reduced before
contacting the seals by a series of metallic piston rings. The leakage
flow across these rings is routed back to main fuel pump interstage
cavity pressure of approximately 150 psi. 1

Any leakage through the initial packing set (150 psi AP) is routed
to the overboard drain system. This concept provides fire safety by
ensuring that no fuel will leak into the engine compartment through the
rod seals. As previously mentioned, the constant circulation of fuel
throughout the actuator housing and rod will prevent localized over-
heating of fuel or metal and prevent thermal shocking of the seal package.

The net hydraulic pressure across tie actuator piston is 1100 psi ,7
while the actuator is moving, and 1500 psi while stationary. These
pressures provide the required area change response rate of 12 square

feet per second.

The actuators are supplied with a constant cooling flow of fuel F
through the housing and through the length of the actuator rod as
shown in figure 6. The most severe metal and fluid temperatures
predicted are indicated in figure 11. Temperature predictions are [
based on correlatrid J58 calculations and data.

Air Temperature 526F.
425*? 40' 25' 45F

Fuel Temperature 350?

370'F 
-

Figure 11. Maximum Duct Heater Nozzle FD 16391 ]1
Temperatures BIIE

Ac with the variable nozzle, the actuator design relies heavily
upon J58 development experience. Design features and material selec- F
tions have been retained. The cooled rod design is a significant
factor in obtaining extended service life of the actuator seals and
ensuring fire safety.

"ring Phr=e III, studies will be made of the feasibility of using
titanium actuators. This will require the development and use of either
wear resistant liners or development of wear resistant coatings for the
cylinder bore. Both approaches will be evaluated.

(c) Phase II-C Exhaust Nozzle System L

The duct exhaust nozzle described in the Phase II-B renort was
similar in function, but differed in mechanics, from the v iable
exhaust nozzle defined in this report. The Phase II-B repct: defined
a "translating shroud" reverser-suppressor. The nozzle assembly was
designed to be compatible with this particular reverser-suppressor.

BIIE-10
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In that design the variable area was achieved by rotating the flaps
and seals about a fixed hinge point through the use of a system of
linkages. That particular nozzle design was completed and tested
on the JTF17A engin3 and used during the initial test program. The
nozzle performed satisfactorily and met all design requirements.
Later Phase 1I-C testing will be accomplished with the "balanced flap"
nozzle system; this testing will be summarized in the final Phase II-C

- report.

(d) Material Selection

"Material and coating selections are identical to those used in the
J58 engine for comparable parts. The exceptions are the use of titanium
for the main structure and synchronization ring because of a less strin-
gent operating environment.

Titanium was selected for these components based on successful use
in the YF12 and SR-71 airframe-mounted ejector for the J58 engine. The
lower operating temperatures predicted for these JTF17 components permit
the use of this lighter weight material. J58 temperature predictions
have been correlated with test data and instill a high level of confi-
dence in JTF17 Predictions.

The plug nozzle materials selected were based on use of these mate-
rials in J58 combustion chambers (Hastelloy X) and transition duct
(L-605 with PWA 53-21 coating). These materials and coatings provide
proved durability and oxidation resistance at high temperature conditions.

L

L
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MATERIALS SUMMARY

Part Name Material Snecification

1. Gas Generator Exhaust Nozzle Waspaloy AMS 5544
2. Duct Exhaust Nozzle Plug L-605 AMS 5537

and Coating Nickel-Aluminum PWA 53-21
3. Plug Liner Hastelloy X AMS 5536 U
4. Synchronization Ring Titanium AMS 4916
5. Syrnhronization Ring Pressure Titanium AMS 4916

Seal
6. Nozzle Actuator Housing Greek Ascoloy AMS 5616
7. ActuatorPiston and Greek Ascoloy AMS 5616

Piston Rod
8. Piston Rod Hardface Tungsten Carbide PWA 46

9. Piston Rod Guide Bushing Titanium Carbide
10. Piston Rings Cast Iron
11. Flaps and Seals Inconel 100 AMS 5397
12. Nozzle Flap Rollers Waspaloy AMS 5709
13. Roller Shaft Inconel 718 PWA 1016
14. Coating-Flap and Seal Aluminum-Silicon PWA 47E

Coating
15. Flap Cam Track Titanium AMS 4916
16. Flap Cam Track Liner L-605 AMS 5759

4. Product Assurance Considerations

(a) Maintainability

The nozzles have been designed to provide for ease of maintenance
as illustrated by:

1. The complete duct exhaust nozzle can be removed or installed as
a unit.

2. Nozzle assembly and adjustment may be accomplished on the engine
or as a separate sub-assembly and this setup is not affected by
installation or removal of the complete unit.

3. Adjustments are provided to facilitate attachment of the actuators
to the synchrc ization ring and to permit removal of backlash (or
looseness) in the synchronization ring rollers.

4. Individual component parts (flaps, seals, rollers, actuators) are
replaceable without machining, welding, selective assembly, shim-
ming or ground spacers being required.

5. Actuator trunions are fitted with replaceable bushings.
6. The duct exhaust nozzle plug is removable without any additional L

engine disassembly. It is necessary to remove this plug only to
remove the gas generator exhaust nozzle assembly. [

(b) Reliability

Reliability and extended service life are ensured by:

I. Using fan discharge air as the basic cooling medium. This permits
operational metal temperatures well below those already proved in
J58 development and service experience.

BIIE-12CO NFDENTIAL [ 1
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2. Blow-off and radial aerodynamic loadings on the flaps are resisted
by tangential and axial stresses in the basic fixed structure and
not by high hydraulic forces or by localized bending loads which
could shorten fatigue life.

3. Adjustable synchronization ring rollers remove looseness and
backlash from the system and provide accurate nozzle positioning
and feedback to the control system.

4. The synchronization ring, rollers, and support are designed to
withstand stalled actuator cocking loads without overstress of
any part.S5. Low actuation forces that result in a hydraulic system with low
pressure requirements, and low-stress actuator mounting and
attachment points.

6. Using proved J58 actuator rod seal concepts that prevent full
pressure drop across any one set of seals and subject non-
metallic seals to low pressure differentials only.

7. Continuous cooling flow circulation of fuel through the actuator
housing and rod. This prevents stagnation and overheating of
the fuel and also prevents heating of the actuator rod with
subsequent thermal shock to the rod seal package when extended

and retracted.

8. Wear resistant liners for the flap tracks and synchronization
ring tracks.

9. Wear and oxidation resistant coatings for the actuator rod, seal,
and flap surfaces, and plug outer surface.

10. Wear resistant materials for the actuator, rod end bushings, and[ flap and synchronization ring rollers.

(c) Safety

[ Flight safety features that have been incorporated are:

1. Use of low temperature cooling air.[ 2. Rapid nozzle response rates to prevent fan overspeed, fan over-
pressure and surge, or nozzle overtemperature.

3. Positive leakproof actuator sealing based on concepts proved
under more stringent conditions.

4. Unbalance to open in event of hydraulic loss.
5. Use of fuel as hydraulic fluid to simplify the system by the

elimination of hydraulic system coolers and a limited capacity
tank.

r

L
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F. REVERSER-SUPPRESSOR

1. Description

The JTFi7 reverser-suppressor, shown in figure 1, consists of-a main
structure, floating tertiary doors, 3-position rotating clamshells, and
floating trailing edge flaps.

CLSuppre Position I

G-oGýntor Flo.

S',born Postio

Figure 1. JTF17 Reverser-Suppressor FD 16416
BIIF

This unit forms the final expansion section of the exhaust system
for the cdannular duct and Ras generator exhaust streams and also provides
for redirecting and targeting exhaust gas flow for thrust reversal, for
airframe external nacelle contours, and for suppression of engine exhaust
noise.- The reverser-suppressor is aerodynamically actuated in all forward
flight modes and hydraulically actuated into reverse.

The aerodynamic performance of this system is discussed separately
in Report A of this Volume. Noise suppression is discussed in Report C.

2. Design Objectives and Requirements

The design selected provides an exhaust system that will meet or
exceed performance objectives in both forward and reverse flight modes,
will provide flight safety in all modes of operation, and will possess
extended service life potential. The components of the reverser-sup-
pressor have been designed to provide:

1. The variable exit area of tht exhaust system that is
necessary to efficiently utilize the variations in
pressure ratio produced during different portions of
the flight regime

2. Internal and external flow contours that will permit
attainment of the performance goals required of the
exhaust system to meet engine performance objectives

BIIF-I
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3. The required exit-area variations in a design that
will be aerodynamically and mechanically stable in
all modes of .peration

4. For reverse flow of the exhaust gases during reverse I
operation with targeting compatible with the airframe
installation

5. Actuation rates for the reverser that are consistent
with control. system requirements I

6. Exhaust noise suppression
7. Extended service life and reliability by utilizing

design concepts, maintainability features, and [
materials that have proved effective in equal, or
more severe, service operation.

3. Design Approach

a. Main Structure [
The semimonocoque basic structural shell ar.d internal structure of

the reverser-suppressor, illustrated in figure 2, is fabricated from
titanium for minimum weight. Major stresses are limited to compressive L
and shear buckling. The primary support panels are simple box-beam type
construction. both skins are buckling-limited in compression because
both positive and negative bending moments are imposed. The aft cylin- V
drical portion of the reverser-suppressor incorporates an inner and
outer stressed skin structure that reduces bending moments in the sup-
port rings and bulkheads by providing shear panels on the inner and r
outer diameters. The complete unit can be removed from (or installed
on) the engine by removinZ (or installing) 34 bolts and disconnecting
(or connecting) three hydraulic lines and the power lever interlock.

Outer Skin 8-1-1 Titanium
(PWA-1202)

Shear Structure [( Places)

Primary Support

Typial Wb NTrailing

Edge

(2Pe Flap
Typical Web

--1-1 Tita nium/T

81ITitanu

(2 PlTce,r\.

Inner Skin \ ./ .. 8-1-1 Titanium

811Titanium)• • ( PWA-1202)

(PWA-1202 , Support Strut
(7 Places)

ýTe-tiary Door

Figure 2. Reverser-Suppressor Main Structure FD 16441
BIIF
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F b. Tertiary Doors and Synchronization System

The 11 double-hinged tertiary doors, which are aerodynamically
actuated, admit tertiary air into the reverser-suppressor during sub-
sonic flight to prevent overexpansion of the exhaust stream and con-
sequent losses in performance. The tertiary doors, shown in figure 3,
are fabricated from titanium honeycomb panels for minimum weight.F Resistance-welded honeycomb is used, rather than conventional brazed
panels, because of superior fatigue properties and adaptability to the
thermal stresses encountered during flight conditions. The greatest
temperature gradient occurs during reversing when the doors serve as
shrouds, directing the flow of exhaust gases outward and forward to
provide reverse thrust. (See figure 12c.)

Cam Follower to PocitionMid-Hinge

FUnk 
Attachment Point

Segmrent of IN-10 AMS 5397
Welded Titanium for High Temperature Operation

Honeycomb

LSeal
Main Structure

Main Structure External Surface

Figure 3. Tertiary Door FD 16437
BIIF

The trailing edge of each door is cast from a heat-resistant, nickel-
base alloy and is mechanically attached tc the door. This tip provides
erosion and thermal protection to the door in the area nearest the hot
exhaust gases.

At supersonic cruise, an outward pressure difference of about 10 psi
across the doors provides a uniformly distributed load on the door, push-

"i ing it tightly against the support struts. Seals are provided around
t the edge of each door and along the hinge line to minimize secondary air

leakage and resultant performance loss. The door seal at the hinge allows
the door to pivot from the closed position tc the maximum of 30 degrees
open. The hinge seal, similar at both hinges, is formed to maintain a
smooth contour on the outside of the door and is shaped so that the pres-
sure tends to force the seal harder against the mating surface. The seal
strips can be easily removed and replaced without removing the door.

All door hardware, such as hinges and brackets, is made of forged
F" titanium and is mechanically attached to the doors. The spherical joint
L at each pivot provides a hinge that is self-aligning and not subject to

binding due to structural deflections or normal manufacturing tolerance.
Any hinge section, ball joint, or link attachment can be easily removed
or replaced without distrubing the basic system.

BIIF-3
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The tertiary door interconnecting saddle system, shown in figure 4,
consists of a pair of saddles at each suppcrt strut. Each pair of aaddla3
is guided by a shared set of rollers in t..acks in each strut. Each saddle
contains a cam track to support and guide the midhinge of the adjacent
tertiary door and is connected to the aft end of the door by a link. An-
other link, connected to the forward end of each saddle, ties the saddle
system to thei torque tube system. The torque tube system consists of
a torque tube! with hellcranks at each end and is mounted between the - [
struts at the. leading edge of each door. The saddle system and the torque
tube system combine to assure complete synchronization of the tertiary
doors with each other through their full range of travel. This system
assures that all doors will be opened and locked into position as the
system is actuated into reverse. All torque tube mounts and link con-
nection points have ball joints to eliminate binding due to misalignment;
this also provides tight connections to reduce linkage end play. The
rollers that guide the saddle system and door midhinge are designed to
withstand the imposed loads and temperatures without lubrication. All
ball joints and rollers are identical, except for detail sizing, to
those developed for, and used in, current J58 production engine exhaust
nozzles. All saddles, links, and tracks are designed to be easily
inspected or replaced while the reverser-suppressor is mounted on the [
airframe.

Vi-. Normal to

T"Un•r,y Door

Duct Nolae

Artlculating Link Me P

Tertiary Door Link
TorqTube ~ Hi. Point Link

Torque Tube

Tiorqu Tount IndbocPsto

Synchroohtiou Tuba U

Door Hing are Do I n FD 68[

Saddle- ysSaddlF
Toqu Tube Tartinry Door ~T~k\rFa~

Pivo Point In Subsonic Posttion 
RoSaddle Link 5op~or 9to,.t--_

Cam Follower to [dl
Section &lB Rkts In this Tra~ Section A-A

Figure 4. Tertiary Door Interconnecting FD 16858I
Saddle System -BIIF

c. Clamshell Mounting and Actuation[

The 3-position rotating clamshells form the aerodynamic flow contours
during forward flight and, when hydraulically rotated, provide blockage
for reverse thrust. The JTF17 engine clamshells are formed by inner and
outer skins that are positioned and stiffened by Z- and channel-section
members, which are attached to forged pivot supports, as shown in figure 7

5. The clamshell is fabricated from nickel-base alloy, which is easily
welded and requires no subsequent heat-treatment for strength.

BIIF-4
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(See Figure 6)
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A

Figure 5. Clamshell Construction PD 16434

BI1F

Each clamshell is supported by, and driven through, two pivots, which
are shown in figure 6. The clamshell pivot point is located to pressureIi balance the clamshell so that minimum size actuators are required for
reversing. A double-face coupling is provided between the clamshell pivot

and the actuation arm to permit accurate adjustment of the clamshell
position relative to the clanishell-tertiary door interlock system (which
is described later in this section).

11 Actuation Arm-
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Bearings for the clamshell pivot assembly are designed to operate dry
at high temperatures (stabilized at 1000 0F). The roller bearing has a
metallic seal to prevent foreign material from entering the pivot assembly. p
The compartment enclosing the pivot assembly is maintained at secondary
air pressure, which is greater than the static pressure of the exhaust
stream, to assure that no exhaust gases leak into the pivot assembly.
A sheet metal coverplate is provided over the hub-to-clamshell attachmentI
point to shield the attachment bolts from exhaust gases and to provide
a smooth inner clamshell surface. The pivot assembly is similar to that
used successfully in JT3D engines in commercial service, except that higher I
temperature bearings are used and the pivots straddle the horizontal,
rather than the vertical, centerline of the engine. This position will
prevent accumulation of water, solvents, or fuel in the bearing area
during cleaning, operation, or exposure of the engine.

The clamshell hubs and bearings are easily removed or inspected by
removing the inside coverplate and outside access panel. The clamshell
can be removed or left in place, as desired. All hubs and bearings are
interchangeable, thus eliminating matched sets or shims.

Two hydraulic actuators, based on the proved J58 design and shown in I
figure 7, are used to rotate the clamshells to the reverse position.
During all other flight modes the actuators are not pressurized and are
suppiied with only low-pressure fuel cooling flow. One actuatd•r is
located within each of the two clamshell tertiary door interlock modules
(which are described later in this section). This location protects the
actuators from high temperatures and foreign matter that would tend to
shorten the life of the piston rod seals. The actuators are exposed to E
engine secondary air with a maximum temperature of 700 F. Easy accessis provided to the actuators by removing the outer access panel.

(High Pressure)
Piston Extended

380*-F 380'F 450*F

Z -38

"•----(nterstge Pressure)
PistonoRetracted

Cooling Flaw Out"

Figure 7. Clamshel! Hydraulic Actuator FD 16422
BII L

The actuators are operated by a hydraulic AP of 1100 psi across the
piston. This high pressure :is at the head of the piston only; the

BIIF-6
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j actuators are returned to normal position by the main fuel pump inter-

stage pressure of 400 psi. This interstage pressure is the only pressure
r• acting on the actuator rod seals and is used to cool the inner piston
S1~and rod through the use of internal ports and a metering orifice. Thus,

a reliable, leak-proof seal has been designed by using only low pressure
on the rod seal end of the actuator.

Actuator cooling is provided when the piston rod is in either the
extended or normal position. When the piston rod is extended (high pres-
sure on head end of piston), the cooling flow passes through the metering
orifice, piston, and rod and exits through the actuator-close-port. When
the piston rod is retracted, the flow is in the cpposite direction, exit-

r[ ing through the actuator-open port. Three actuator fittings are used
j (piston extended, piston retracted, and seal drain). The piston rod is

retracted at all times, except during thrust reversal, to provide actu-
ator rod protection and prolong seal life.

I d. Trailing Edge Flaps

The 16 free-floating trailing edge flaps, shown in figure 8, and the
interleaving seals are fabricated from titanium alloy and nickel alloy.
The heat-resistanm nickel alloy is used on the inner (hot) side of both
the flaps and longitudinal seals. The titanium alloy is used on the outer
side and for the ribs. Insulation trapped between the inner skin and
ribs protects the titanium ribs from direct contact with the hot inner
skin.

107
I UInsulating Strip

-7Rib-i Inner Skin Axial Corrugations Limt Stp

Outer Skin

17 I.Beani Stiffener

Figure 8. Trailing Edge Flap FD 16430
BIIF

Differential thezmal expansion between the two skins in the longi-
tudinal direction is provided for by spacers that are riveted to the
inner skin and attached through slots to the ribs. Expansion in the cir-
cumferential direction is accounted for by longitudinal corrugations
between the ribs. This concept of unrestrained and corrugated inner
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skins is the result of dev4lopment for the J58 engine and is currently
in service. Riveting the inner skin also provides easy removal for
rapair or replacement.

Hinges for the flaps and longitudinal seals are provided with replace-

able bushings of wear-resistant alloy. The outer hinge seal is removable
for inspection of the flap hinges.

The range through which the flaps and seals can move is limited by a
stop mechanism, which is shown in figure 9. In this arrangement, a
stop pin and bushing is retained in the seal segment and is passed through L
slotted brackets that are attached to each of the adjacent flap segments.
The flaps and seals are free to move between the open and closed positions
until the pin bottoms in the slotted brackets. The brackets, pin, and
bushing are readily replaceable.

Stop Pin
and Bushing

Flap

Closed
Position/ Position

Figure 9. Flap and Seal Stop Mechanism FD 16425
BIIF

e. Clamshell-Tertiary Door Interlock Module V

A mechanical interlock and synchronizing system, shown in figure 10,
connects the tertiary doors with the clamshells. This system is incor- r
orated into the reverser-suppressor to provide a fully aerodynamic-
actuated system in forward flight, while retaining pilot control during U
reversing modes. The force required to position the clamshell doors
during all forward flight conditions is supplied by aerodynamic loading
on the tertiary doors. A reverser actuation sy3tem is integrated into
the interlock system and overrides the aerodynamic system when actuated.
This design eliminates the need for pilot action or for complex Mach
number/altitude control systems to operate the reverser-suppressor during
all forward flight modes. Reversing can be achieved anywhere within the
reverser envelope; the reverser system is locked out at other flight
conditions to prevent inadvertent reversing at high Mach numbers.

BIIF-8
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Sf. Throttle-Reverser Interlock Aspsembly

The throttle-reverser-interlock assembly, shown in figure 11, servesI

to interlock the engine fuel control (throttle) and the thrust reverserF doors so that:

1. In forward flight position, inadvertent motion of the
clamshells to the reverse position returns the throttle

to engine idle.

2. It is not possible to apply forward thrust unless the clam-
7" shells are in forward flight position.
[3. It is not possible to apply reverse throttle without the

clamshells being shifted to the reverse position.
4. In the reverse position, inadvertent motion of the clam-[ shells to the forward flight condition returns the throttle

to engine idle.
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Figure I1. Throttle-Reverser Interlock FD 16436
Assembly BIIF

Flying

These requirements are met by a combination of stops and gearing [

arranged and connected to the items to be interlocked so that the com-
pleted unit is a compact assembly approximately 4.5 inches in diameter F
and 3 inches thick. The interlock assembly, which is self-contained,
shielded from dirt and foreign matter, and easy to service or replace,
consists of a housing with the following parts:

1. A throttle pulley that incorporates a stop and thus matches
the stop motion to the throttle motion. As shown on the
interlock diagram (figure lla), zero is the full reverse
position, 72 degrees is idle position, 231 degrees is [
the maximum nonaugmented power setting, and 320 degrees
is the maximum augmented power setting.

2. A clamshell pulley that is coordinated with the motion of r
the clamshell by cables and links and incorporates a stop.
This pulley is mounted on a shaft with the throttle pulley
so that the stops on both pulleys rotate in the same plane
aeid, at certain positions, interact with each other.

3. A flying wedge that is mounted between the throttle pulley
and clamshell pulley and on the same shaft. The wedge
rotates in the same plane with and interacts with the
throttle and clamshell stops. The wedge is geared to the
clamshell pulley by planetary gearing to amplify its
=otion to fit the requirements.

At the clamshell open position, the stop is 8 degrees from the throttle
stop in the idle position (figure lld). This 8-degree motion of the
throttle stop allows the clamshells to close and, by means of linkage,
moves the clamshell stop 80 degress counterclockwise (figure lle). If
the clamshells do not close, the stop remains in position and the throttle
can no longer continue in the reverse thrust direction.
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In the full-reverse condition (figure hlf), the clamshell stop is

clear of the throttle stop, but any motion of the clamshell to open causes
the clamshell stop to move 80 degrees clockwise, contacting the throttle
stop and pushing it to the idle position.

In forward flight, the flying wedge is at the 320-degree position
(figures llb and llc), clear of all forward-flight throttle step positions.
Motion of the clamshell stop to reverse position (80 degrees) causes the
wedge to move 240 degrees counterclockwise (figure lle), sweeping the
entire forward-flight throttle stop area, and moves the throttle stop toI- idle. When the clamshells are closed, the flying wedge is at the throttle
stop idle position, thus making it impossible to move the throttle in the
forward. thrust direction unless the clamshells are first opened.

4. Operational Sequence

The JTF17 reverser-suppressor operates through three basic modes, as
illustrated in figure 12.

p a. Subsonic Flight Operation (figure 12a)

SSUBSONIC PosITION

Figure 12a. Operational Sequence of the JTF17 FD 16442
Reverser-Suppressor BIIF

Pressures within the reverser-suppressor are below ambient at all
subsonic conditions and at certain low supersonic conditions during descent

rwith the engine at idle. This negative pressure forces the tertiary doors
inward, permitting tertiary airflow into the reverser-suppressor to fill
the exit area and prevent overexpansion of the engine exhaust stream and
resultant performance losses.

As they move inward, the tertiary doors move an interconnecting saddle
system and attached shuttle beam aft until the shuttle bottoms. This
limits the maximum inward swing of the tertiary doors during forward
flight.

BIIF-11BlPl
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A cam track on each of the saddles guides a midhinge of the tertiary r
air doors and aligns the doors for the proper tertiary flow lead-in angle 5
(9 degrees). The clamshells are positioned for maximum subsonic nozzle
performance by the clamshell tertiary door interlock system. [

As tertiary flow requirements vary, the tertiary doors move between
the maximum inward (open) posi.ion and the closed position. The doors
are synchronized to move as a unit to eliminate aerodynamic cycling of [
the individual doors due to asymmetric environmental pressures that
result from angle-of-attack variations or gust loads. No control syste m
or pilot attention is required for any of these operations.

At this flight conditirn, aerodynamic pressures force the trailing
edge flaps to the closed position.

b. Supersonic Flight Operation (figure 12b)

Cam Tie, \
suttI e . 1.-

�n�i� -- Inerlock A'm P-

lamshe Pos-tio+-r-"-I -R.,.,.et Aettrm

Toarqu Tub*

-Translting T tirddl. SD.t-

SUPERSONIC POSITION

Figure 12b. Operational Sequence of the JTFI7 FD 10442
Reverser-Suppressor BIIF

Above certain altitudes, Mach numbers, and power lever settings, pres-
sures within the reverser-suppressor rise above ambient and move the
tertiary air doors toward the closed position. The translating saddle
system and the connected shuttle beams move forward and, during the last
portion of this travel, rotate the clamshells to the supersonic cruise
position. This rotation changes the inner shroud configuration to a
divergent nozzle for maximum supersonic performance. Because of the
toggle action of the links to the saddle system, slight internal pres-
sures securely hold the tertiary doors shut and the clamshell in the

cruise position.

The aft end of the shuttle beam moves mechanically to blcck the

reverser nctuator from extending and thus prevents inadvertent reverser
operation at supersonic conditions. This entire operation is aerodynam-
ically actuated and no pilot attention or control system is required to
accomplish any portion of the operation.
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At this flight condition, aerodynamic pressure forces the trailing

edge flaps to the open position.

c. Reverser Operation (figure 12c)

REVSE PSITION

Figure 12c. Operational Sequence of the JTFL7 FD 16442
Reverser.-Supprcssor BIiF

The reverser can be actuated at any time during subsonic flightwithin

the reverser operating envelope. Hydraulic pressure, applied to the

reverser actuators, rotates the clamshell to the reverse position by usc
of a toggle linkage system. The same motion moves the shuttle beam and
translating saddle system aft to position and :ock the tertiary doors in

a reverse configuration.

Forces are balanced in the system so that in hydraulic failure, aero-
dynamic for~es move the :lamshells back to subsonic position, unlocking
the tertiary air doors and permitting the doors to assume a free-floating,
forward flight position. This assures that hydraulic failure cannot com-
promise forward flight operation.

5. Airframe Installation

he basic concepts of the reverser-suppressor are the sme for the
two airframes. Differences in configuration are required because of

differences in nacelle contours, as shown in figure 13.
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/&n d. \

Se-tlion B.- B

Figure 13. Comparison of Boeing and Lockheed FD 16569
Reverser-Suppressor BIIF F

L.

6. Reverse Backflow Prevention

During reverse operation, the blocked and redirected ext'aust gases I
must be pre-jented from backflowingwithin the engine compartment. This
is accoi-plished in the Lockheed installation by free-floating flapper
doors located approximately 11 inches aft of the engine rear mount ring
between the engine outer case and the nacelle, as illustrated in figure
14. There are 32 flapper doors located around the circumference of the
engine, with doors omitted at the 45-degree locations to provide space
for the, duct exhaust nozzle actuators and hydraulic lines. The doors
are statically balanced about an off-center hinge line to provide unequal
area distribution. When acted upon by the exhaust stream, the unequal
area provides the force necessary to close the doors. Stops are provided
for each door to limit the open position to approximately 60 degrees,
thus assuring that the doors will always be in an easy closing •osition.
In the open position, the flow area through the doors is 550 inM. This
area is provided to permit the flow of secondary air to cool the reverser-
suppressor during supersonic operation. Each door operates independently
of the others and can easily be removed without disturbing the mounting I
or alignment of the other doors.

In the Boeing installation, secondary air is ducted from the inlet
through six bypass ducts. In this installacion, valves in the bypass
duct tubes prevent backflow of exhaust gases. These valves are part of
the bypass-cooling air control system.

B
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SRear Mo~tIRner Structure- cur

Figure 14. Free Floating Secondary Air Flapper FD 16451

Doors BIIF

7. Material Selection

Material selections have been made based on experience in comparable
or similar components in other engines or aircraft. Titanium was selected
for the basic structure of the reverser-suppressor based on successful
use of this material in the YF-12 and SR-71 airframe-mounted blow-in door
ejector for the J58 engine. This unit operates through a broader speed
and altitude range than will be experienced on the JTFI7.

Hastelloy X was selected for the clamshells and for the trailing edge
flap inner skins based on demonstrated ease of repairability and oxidation
resistance when used in hot section components of the J58 and present
commercial engines. Hastelloy X has no heat-treat requirement and is not
subject to aging when maintained at temperature for long periods. Inconel
625 is being investigated as an alternative material for these locations.
This material retains the above desirable features and has a higher allow-

able stress, but has not yet been ircorporated because of lack of suffi-
cient test experience.

Inconel 718 has been used in other applications where high temperature
strength is required (clamshell pivot). This material is used as basic
structure for the J58 engine diffuser case and thrust mount and for the
J58 rotor thrust bearing mount. This material is also used as basic
structural material in the production TF30 engine.

F The use of L-605 as a high temperature wear resistant material is

common practice throughout Pratt & Whitney Aircraft engines and industry
in general.

Materials and coatings selected for the actuators are identical to
those used in J58 afterburner nozzle actuators at higher pressures and

[I temperatures.

Table 1 summarizes the selection of miterials.

BIIT-I5
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Table 1. Summary of Selection of Materials I
Unit Material Criteria

1. Basic Structure Aluminum-coated Corrosion protection L
PWA 1202 and and weight
PWA 1204 (811
Titanium)

2. Tertiary Doors Titanium honeycomb Weight
Face Sheets-PWA 1202
(811) Core-AMS 4901
(Commercially Pure)

3. Trailing Edge Flaps
Outer Skin and Aluminum-coated Corrosion protection i
Ribs PWA 1202 (811 and weight

Titanium)
Inner Skin AMS 5536 (Hastelloy X) High temperature oxi-

dation resistance, I
weldable, non-heat-
treatable.

Stops AMS 5709 (Waspaloy) Strength and wear
4. Clamshells AMS 5536 (Hastelloy X) High temperature oxi-

dation resistance,
weldable, non-heat- F
treatable.

Pivot Hub PWA 1010 (Inco 718) Strength
5. Seals AMS 5537 (L-605) Wear
6. Cam and Roller AMS 5537 (L-605) Wear

Tracks
7. Actuators

Housing AMS 5616 (Greek Strength and wear
Ascoloy)

Piston Rod AMS 5616 (Greek Strength and wear
Ascoloy)

Piston Rod PWA 46 (Tungsten Wear
Hardface Carbide)
Piston Rod Guide Titanium Carbide Wear
Bushing [

8. Hinge Bushings AMS 5616 (Greek Wear
Ascoloy) 1'

8. Design Criteria

The reverser-suppressor structure is designed for the following
criteria:

1. Maximum AP (internal to external)
Across tertiary air doors and support struts - 9.85 psi [
At reverse, AP across tertiary air doors = 6.8 psi
At reverse, AP across support struts = 10.0 psi

2. Gust loading
Vertical = 0.85 psi
Horizontal = 1.5 psi

BIIF-16
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3. Maneuver g-loads - see figures 15 and 16.
4. Creep limit of 0.5% maximum consistent with 50,000 hours airframe

life as defined in Section I of this Volume.
5. Buckling margin of 1.3 minimum for either plastic or elastic

buckling. For hardware such as rods where eccentricities are

well defined, the minimum margin is 1.15.
6. Maximum combined stresses are limited to the lesser of 100% of

yield stress or 2/3 of ultimate stress.

The stress factors listed above are selected based on their success-
ful use in structural components of the J58 engine and are consistent
with the extended life and reliability requirements of the JTFI7 engine.

The operating pressures, gust, and maneuver loads are consistent with
engine performance and airframe installation requirements.

f 9. Actuation Response

Calculated clamshell response to the hydraulic reverse signal is
shown in figure 17. Actuation is most rapid during emergency conditions
such as aborted takeoffs when engine rpm is high and the hydraulic pump
output is maximum. Clamshell rotational speed, shown in figure 18,
indicates the inherent snubbing effect of the linkage between the actu-
ator and clamshell system, slowing the clamshell speed as full reverse
position is reached. Maximum calculated actuator loads, shown in figure
19, are based on calculated clamshell torque loads and correlated data

f from wind tunnel scale model reverser testing.
L Note: Alt Loads Arc Limit

Q Individoa PoInt.
*P Yaw Ve~loity - cadl-ce

f 1 Yaw Accett.. o- rad/.ecZ *O.2
Pitch VO ity-* 4. 2

* Roh Ace' teratico *It

P.< Lonvitudtioat Drac or Thrust * * |.
T, M., Revers Thr,-t (1h) Y,, 4~• Aft 1,0 C

Enei, Trq- i Af t r ri..d ± O, 0 .P !

Len-to FVertica)
.~o Si- C, Sid G 5,Oa n

rL V- a

*0. 2 P.i

Side

Only 4 L P, 0 to M5.000 Th

IFigure 15. 'cnT Manc uver. a L - Si d.28

Lookhee ToIqa i
1 tS 004 in. flit

[

5 4adn Lo3n Fatr 16 1

Sid C t. UP,, 102,00 OVOlbfAft)

Figure 15. JTF17 Maneuver Load Diagram -FD lf 285

Lockheed Installation BIIP
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10. Operating Temperatures [1
Predicted average metal temperatures in the reverser-suppressor in

the three flight modes are shown in figure 20.

Predicted reverser actuator metal, fluid, and environmental tem-
peratures are shown in figure 7. Cooling flow circulation routes are
also indicated. These predictions are made using analytical methods that [
were developed and used to predict J58 engine metal and flow temperaturesand that were later verified with correlating data.

,, . ... .. _---V,.l

Ga- Generator Flow

L

I'

DV i Flow - .---- 12D oF...

0.. Generator Flow N

o d. u ct Flow [- I I O T

Flow l0~

/ ; 10 r

___ L

Floiw, 760 w __47 W *F

Figure 20. Thrust Reverser System Metal FD 16498
Temperatures- BIIF ... '

11. Operating Loads

The maximum calculated aerodynamic pressures on the clamshells during
reverse thrust are shown in figure 21. These maximum pressures result in
the clamshell pivot loads shown in figure 6. Clamshell interlock loads
during reverse are shown in figure 22. Ti es

The thrust reverser is designed to operate with a maximum AP of 12.7
psi across the clamshells.
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12. Phase II-C

During Phase II-C, design of the translating shroud reverser-suoorassor
proposed in Phase II-B was completed along with the alternative design
study of the clamshell reverser-suppressor. The clamshell approach resulted
in less weight, smaller size, and higher potential life. Effort was termi-
nated on the development of the translating shroud concept and experimental i
parts procured to the. clamshell design. Testing of this design will be
initiated during September 1966.

13. Phase III Objectives

During Phase III, the objectives will be to develop the reverser-
suppressor to meet mechanical, performance, and sound suppression objectives. [
The final installation configuration will be evaluated for mechanics and
performance. These test plans are discussed in Report E.

During Phase III, it is planned to continue wind tunnel testing to
optimize aerodynamic contours. Report E will cover detail plans.

Comprehensive studies of sound suppression, as discussed in Report C, [
will be conducted and results will be reflected in design modifications,
as required.

Other titanium alloys and protective coatings will be evaluated to
provide improved corrosion resistance and/or protection, as necessary.

The feasibility of using titanium actuators will be studied. This
will require the development and use of either a wear-resistant liner
or development of wear-resistant coatings for the cylinder bore. Both
approaches will be evaluated. 1
14. Growth

Growth potential is inherent in the design of the reverser-suppressor. L
With some weight penalty to withstand higher pressures and with selective
substitution of some materials to withstand higher temperatures, the unit
has the potential of providing greater reverse thrust. A potential also
exists, with some weight and control system penalty, for providing for an
intermediate null thrust operating mode of the reverser if this should
become an airframe requirement. [
15. Product Assurance Considerations -'

The reverser-suppressor is designed to provide ease of accnss and [
maintenance as follows:

1. The complete reverser-suppressor assembly can be installed or
removed witaout disassembly other than disconnecting the
hydraulic supply lines and throttle interlock mechanism.

2. Individual components subject to wear or possible damage can bei
removed and replaced without major engine disassembly. I

3. External access panel3 are provided for the clamshell-tertiary
door -Interlocks. €"L

BIIF-22
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4. Hydraulic reverser actuator system and clamshell-tertiary door

interlock system is modular and is mounted in a separable
framework that can be installed, removed, or bench-tested as
a package.

5. Lifting provisions are incorporated into the basic reverser-
suppressor to provide ease of handling.

6. Like components are interehangeable, thus eliminating the need
for fixtures, jigs, or other devices to install or replace
components.

SThe reverser-suppressor is designed for reliability and fail-safe
L operation under all conditions. The features that accomplish this

include the following items:r
Si. Throttle-reverser interlock system

2. Elimination of high pressure on actuator seals
3. Pressurized actuator required only for thrust reversing
4. Aerodynamic balancing of clamshells to reduce actuator forces

and assure fail-safe positioning in event of hydraulic failure
5. Integral, aerodynamically-actuated system to provide all forward

S~flight configurations

6. Automatic mechanical lockout of reverser system at high Mach
numbers.

Providing an extended service life for the reverser-suppressor has
been the basic guideline for the total design. To achieve long service
life, the following design philosophy was applied:

1. All main structural members are designed for compression or
shear buckling stresses. These are well below allowable yield
stresses, thereby eliminating or reducing the creep life and
fatigue :onsiderations for metals at elevated temperatures.

2. The inside or hot surface of the reverser-suppressor is made
of Hastelloy X for maximum life at elevated temperature and
for ease of weld-repair of damaged parts.

"3. The three basiz modes of the reverser-suppressor (subsonic,
supersonic, and reverse) are basically aerodynamically and
mechanically stable and do not require continuous or oscillatory
motion to achieve maximum performance. Each mode change is
smooth and positive, and only four motions occur during a
typical flight. This results in a reduction of wear on the
moving parts. In addition, all mode changes, except aborted
takeoff, occur during periods of low load conditions, a feature
that increases the dynamic life of each of the moving parts.

4. All parts subject to wear are separable from the reverser-
suppressor structure, allowing use of special high-strength,
wear-resistant materials without compromising the main
structural integrity.

16. Background Exhaust System Studies

During the early study phases of the supersonic transport engine
program, Pratt & Whitney Aircraft evaluated several different exhaust
system concepts. The more promising types evaluated incluied the plug
nozzle, the long actuated flap va,'ible nozzle, and the blow-in door
ejector.
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a. Plug Nozzle

The plug nozzle can provide aerodynamically-adjusting performance
characteristics. In this type nozzle the throat is annular and supersonic
expansion of the exhaust gases takes place along a central plug. There
is an aerodynamic ad.justment to ambient pressure accompanied by an appro-
priate variation in flow area. [

The nozzle flow field is, however, strongly influenced and sensitive
to local pressure variations surrounding tha nozzle. The presence of an
external air stream flowing over a base or biattail will produce lower
than ambient pressures and thus induce overexpansion of the exhaust
stream and attendant internal drag losses.

The plug nozzle also has- serious rmechanical and cooling problems
when designed for an augmented engine with attendant requirements for a
variable throat area. This is because (1) large throat area variation
requirements result in long actuation strokes, (2) there are high actu-
ation loads, and (3) large quantities of cooling air are required.
Thrust reversing a coannular plug flow is limited to an umbrella type
which is Incompatibl½ with airframe requirements.

b. Long Flap Nozzle

The long--flap variable nozzle system, shown in figure 23, is comosed
of a series of long, overlapping flaps that are° mechanically actuated.
A control system is necessary to sense and position the flaps according
to power setting and flight Mach number. [

Val. C ---X

C ,oso 2[ -" • Position

Roar Flap• ('2Om.,d Positon-' -Foward Flap F.laps
SShear Panl.--' . | r O po

N A t Amsboll Actuator 
Acco.. Paool-. •._.2

""uct ----- Actuator VIC Ma.p-z~ ~~Szo - ClooA ¼ d

Duct O - Ctod 0se-o A - A Closed

Figure 23. Long Flap Variable Nozzle System FD 16444
BIIF

The position of these flaps determines both the nozzle exit area and
the external boattail geometry. The flaps thereby control both the internal
performance level and external boattail drag losses. Both flap length
and amount of travel are large, as dictated by these pe:formance require-
ments. The need for secondary airflow is high because of the large
scrubbing area to be cooled and because of leakage through long-flap
seals. Actuation and attachment loads of the flaps are high because of
flap length and area exposed to differential pressures. To fit this type
system with a suitable reverser, it is necessary to provide a variable.
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inner plug to control duct nozzle area. The weight, mechanical complex-
ity, and control system required for the long-flap nozzle make it unattrac-
tive for the supersonic transport in comparison to the blow-in door
ejector approach.

c. Blow-in Door Ejector

The blow-in door ejector is an infinitely variable, self-actuated
nozzle that aerodynamically adjusts to the correct expansion ratio as t
engine pressure ratio and flight Mach number vary.

The major portion of the ejector is fixed and the movable portions are

short and self-adjusting, making the nozzle light, reliable, and effi.cient.
Effective thrust reverser mechanisms can be incorporated with minimum
complexity, utilizing the existing blow-in tertiary doors as reverser
flow doors. Wind tunnel testing on the blow-in door conce-c was initiateo
in 1956. Since that time over 12,000 hours of wind tunnel testing have
been accomplished. In addition, J58 engine flight experience with a blow-
in door ejector has been, and is being, obtained through speed and altitude
ranges which exceed those of the supersonic transport.

d. Performance Comparison

A comparison of the performance of the long-flap nozzle and the plug
nozzle relative to the blow-in donr ejector is shown in figure 24.

110
15'Long Flap Variable Nozz!e

S100 '

~l00Z...rr ---.. ~Leakage
o Plug Nozzle
r95

Blow-in Door Ejector Nozzle

• 85

_80 -Note: The valves shown are

75 given only to show ejector-

operating characteristica
70 and should not be used in-

N performance estimates65
1.0 2.0 3.0 4.0 5.0

MACH NUMBER

Figure 24. Nozzle Performance Comparison FD 16985
BII.F

The long-flap nozzle is competitive with the blow-in door ejector

during supersonic cruise conditions assuming no flap leakage occurs.

(Leakage with this nozzle is considered a particular problem because of
the long flaps.) During transonic aczfleration, operation of the long
flaps can reduce the external pressure drags and give better performance

thaa the blow-in door ejector; however, during subsonic acceleration and
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subsonic cruise operation, the long flaps must of Azlosed to 3 small exit
area to avoid severe overexpansion losses. This will increase external
drag losses.. This combined effect will result in lower subsonic perform-
ance withl tho long flap nozzle than with the blow-in door ejector.

The plug nozzle, in the simplest form, possesses mechanical and weight
advantages over the long flap and blow-in door nozzle, but has, however,
the lowest supersonic cruise performance. To generate competitive super-
sonic and transonic performance, a more complex design is necessary. At
supersonic conditions an external expansion surface must be provided.
This surface in turn must bLŽ removed or the resultant exhaust area filled
at subsonic and transonic conditions to prevent overexpansion and high
base drag losses. A relatively simple plug nozzle design will be inherently
poorer in performance than a comparable blow-in door ejector nozzle. The
coannular blow-in door nozzle design selected for the supersonic transport
actually has combined the advantages of bnth the plug nozzle and the
blow-in door ejector to achieve maximum performance with minimum complexity
and weight. The blow-in door ejector, by virtue of the tertiary air system
and rotating clamshell segment, has the potential for maximum exhaust noise
attenuation. I

f With this backpround Pratt & Whitney Aircraft has selected the blow-
in door ejector for the JTF17 engine. For a full discussion and c.-mparison
Sf types of nozzles and respective performance, refer to the Phase I
Proposal, Volume E-XI, Ejector-Reverser for the supersonic *rransport
Engine. For a complete dscussion of the perfdrmance of the blow-in door

system for the JTFl7 engine, refer to Report A of this Volume.
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i. Main Barings

a. Description

The JTF17 engine has been designed with a simple twin rotor system
with Lwo bearings supporting each shaft. The bearings are of single
row, bilanced cage construction, designed to prevent skidding. Thrust

r bearings are mounted on a nontorque portion of the shafts. Suitability
I. for SST application has been demonstrated by engine and rig testing.

b. Design Objectives and Requirements

The dpsign objectives of the main bearings is to provide radial and
axial support for the rotors for all engine operating conditions consistent

f with the following requirements:
I

1. 10,000 hours of operation

2. A maximum load equivAlent to I02 blade loss of a-y ctqa-

3. Accessibility and removal capability without major engine
disassembly

4. Designs within the proven load limits of previously tested
hardware.

4 c. Design Approach

(I) Detailed Description

1 The four bearing-twin rotor arrangement is made possit '3ecause of
advances in combustor technology allowing the use of sho-' rners which
in turn permit shortening the engine enough so that only . bearings on
each shaft are required. Another important feature is the use of single
row bearings instead of double row. The following table summarizes
bearing use, location arA function:

-Bearing Type Location Function
Number

[1 Single Row Ball Forward, Low Rotor Thrust and Radial

2 Single Row Ball Forward, High Rotor Thrust and Radial

3 Single Row Roller Rear, High Rotor Radial

4 Single Row Roller Rear, Low Rotor Radial

Thc bearing compartment designs are shown in figures 1, 2, and 3.
The two thrust bearings aic on the forward end of each rotor, to allow
the more heavily loaded thrust bearings to operate in the cooler front
"section of the engine. The forward ball bearings furnish axial and17 radial restraint and the rear roller bearings furnish radial support
for each rotor.
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Figure 3. No. 4 Bearing Compartment FD 16414

(a) Bearing Life 

BI

SLimit life will not be applied to the main bearings. Service life
1 will be determined based on inspection at scheduled overhaul intervals.

Based on previous commercial engine rxperience, and the design criteria
used, the JTFl7 bearing service life will be in excess of 50,000 hours.
The design and materials selected for the bearings, to meet this require-

wear (t= ,, have hbzn A - 4 E,,Lna rd in retuire
tests in the JTSD, JT3D, 158 and JTF30 engines. These bearing rig and{i engine tests have substantiated the fatigue life of the bearing material.
The test results have shown the bearing material to have five to eight
times the life predicted by the standard "Anti-Friction Bearing Manu-
facturers Association" (AFBMA) calculation. This data has been incorporated
into the life prediction methods used by Pratt & Whitney Aircraft using
the five-fold increase as a minimum.

"I. In addition to the minimum life requirement and loading to prevent
skidding the bearings are designed to be capable of taking an applied

load equivalent to 10% blade loss of any stage. They will also take(i the ultimate maneuver loads imposed on the engine.

(b) Bearing Skid Prevention

[ :Skidding in the ball and roller bearings must be prevented because
it Will Cause surface damage to the races and the relling elements. Even

if skidding occurs only briefly, the surface damage that may resulL can
significantly lower the life of the bearing. This method of preventing
skidding of the SST bearings is the same as used in the J58, JT8D, and
JTI-D.[
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Skidding is prevented in roller bearings by proper preloading. This
preloading is obtained by grinding the outer races to an elliptical shape
so that when they are assembled into their supports, the races dpform and

remove the radial clearance and preload the bearings. Support spring
rates are controlled in the design to control the loads imposed on the
bearing. Spring rates calculated during design are substantiated by
tests on the actual bearing supports.

With ball bearings, skidding is most likely to occur during a thrust
reversal. The occurence of skidding can be predicted analytically by
relating the friction forces and the kinetics of each element. Bearing
rig and.engine tests have verified this analytical procedure. The axial
force acting on each rotor is maintained by the engine thrust balancing
system so that they load the thrust bearings sufficiently to prevent
skidding and so that the axial force is always in the same direction.
Thrust balance is discussed in detail in Section H.

(c) Bearing Cage Design

All bearing cages for the JTF17 are of the fully machined type and
are inner land riding. This design has proven superior in -ail starvation
tests in both engine and bearing rig tests. Centrifugal dirt entrapment
also tends to cause higher wear in outer land riding designs. Cages are
balanced separately prior to assembly into the bearing because this

technique has been shown to provide long wear life in other engines.

(d) Bearing Retention

Each bearing is flanged and bolted to its housing for positive
retention tc prevent spinning of the outer race with respect to its
bearings. In past designs and in initial JTF17 engine testing, spanner
nuts have been used to ciamp the bearing races. Wkila .o ....
occurred during initial testing, a review of airline maintainence records
showed race spinning can be a problem in engines from which long life
is required.

(e) De-ailed Bearing Information

(1) No. 1 Ball Thrist Bearing

The single row ball thrust bearing is a departure from commercial
engine experience wLere duplex thrust bearings are usually used. It
is made possible by improved bearing materials and advances by Pratt &
Whitney Aircraft in the methods of analytically predicting internal
thrust balance. (See Section H for a detailed discussion of thrust
balance.)

The single row ball thrust bearing has the following advantagec over
the double row type previously used.

1. Does not suffer from unequal load sharing due to
manufacturing tolerances or thermal growth.

BIIG-4
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1 2. It has fewer pieces in the assembly with consequent

higher reliability.

f3. Lighter in weight.

4. Less costly.

The No. I ball thrust bearing is mounted aft of the fan stages on the
I fan hub. The spline coupling the hub to the low rotor is forward of the

bearing, see figure 1. This design provides the following safety features:

1. In the event of complete lubrication system failure or
any other cause which might result in bearing seizure,
the rotor shaft will remain intact between turbine and
fan to prevent overspeeding.

2. The bearing can be easily inspected and maintained be-
cause it is accessabie by removing the fan only.

The No. 1 bearing is cooled and lubricated by the engine oil system
described in Section IV, Report B. The oil is fed by pressure jets irf:o

Ian axial scoop that feeds the bearing (figure 4). The bearing is cooled
by flowing oil through the races. A portion of this oil passes through
slots in the interface of the .wo race halves to the bearing. Thcse
slots are tapered to take advantage of centrifugal force to flow the
lubricant. This type of cooling and lubrication has been proven in the
J58, TF30, and JT8D engines.

I \-I. ftot Shaft

F ()b2 l No. I Bearing

sea! plate f hTi 1he

Flanged Bolted

U \ Outer Race

Figure 4. Typical Bearing Cooling Flow FD 16412
Bu1G

3 (2) Nd. 2 Ball Thrust Berýring

The No. 2 ball thrust bearing is also a single row type. It is mouznted
on the front hub of the high compressor. This mounting places the bearing
on a nontorque carrying member. The lubrication scheme outlined for the

No. I bearing is also used for the No. 2 bearing. Since both the No. I
and No. 2 bearings are in the same compartment they have similar maintain-
ability features.
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(3) No. 3 Roller Bearing I
The No. 3 roller bearing is located in front of the high rotor turbine.

This bearing is cooled by oil flowing under the race and lubricated by
compartment mist. This cooling and lubrication method has again been
proven in commercial engines as well as the J58. The No. 3 bearing and
shaft are of thermally compatible materials that prevent rotation of
the inner race with respect to the shaft. Assembly, disassembly, and
inspection of the Nc. 3 bearing can be accomplished by removal of the
high rotor turbine. This is a balanced assembly and can be removed and
replaced without rebalancing.

(4) No. 4 Roller Bearing

The No. 4 roller bearing is located aft of the low rotor turbine;
therefore, it is not on a torque-carrying shaft. The lubricat-:.- and
cooling method is the same as described for the No. 3 bearing. The f
No. 4 bearing is accessible from the rear of the engine for maintenance L
and inspection without engine disassembly. [

The bearing design for the JTFl7 relies heavily on Pratt & Whitney L
Aircraft knowledge gained from commercial jet engine experience. The
testing during Phase II verifipd the design intent of each bearing.
This testing is discussed in Paragraph H of this report. [

The Phase III Program will include endurance testing, heat rejection
and verification of skid regions. These plans are discussed in Report E.

L
(2) Product Assurance Considerations

The following is a surmary of the reliability and maintainability [
features of the JTF17 bearing design:

1. Reliability

a. Elimination of the intershaft bearing and seals.

b. Two bearing-supported rotors to improve engine vibration L
charactdristics.

c. Thrust bearings mounted on nontorque portion of shafts
and at the cool section of t!hi Po ine. r

d, Single row thrust bearings not subjected to unequal
load sharing. 1

e. Flanged outer races to prevent spinning in the
bearing housings

f. Inner race spinning prevented by mounting all [
bearings on high nickel alloy shaft materials
for thermal compatability

g. Symmetrical under race cooling to prevent thermal L
distortion

h. Balanced cages to prevent cage wear.

13IIG-6
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2. Maintainability

a. Reduction in number of compartments.

b. Arrangement for ease of inspection and disassembly.
All bearings can be disassembled without complete

engine disassembly.

c. Elimination of intershaft support allows complete
removable of low rotor without disturbing high
rotor.

d. Flanged races eliminate large housing ner nuts.

e. Puller grooves on all bearings to faci- -ate re--oval.

(3) Materials Summary

Materials used, based on experience with the JT8D, JT3D, J58, and
the JTF30 engines, are as follows:

Bearing Race and Rolling Element Material Cage Material
Number

I PWA 725 (M-50) AMS 6415
2 PWA 725 AMS 6415
3 PWA 725/PWA 742 (Bower 315) AMS 64'5
4 PWA 725/PWA 742 AMS 6415

2. Mair. Compartment Seals

a. Description

The bearing compartment seals for the JTF17 engine are integrated
into an advanced seal system that isolates and continually bathes the
bearing compartments in cool fan discharge air. This feature, coilpled
with a design which eliminates rubbing seal face contact provides excel-
lent durability along with bearing compartment temperatures ccuj to
current commercial jet engines.

Inherent safety features gained through the. use of an ovcrbo:ýre vent
prevents oil from entering the main gas generator stream thneroby .D iminateuv,
the danger of oil fires or cabin air bleed contamination. Thiese advantages
result in a design that exceeds the capabilities of the compart:-crnt seal

systems used in current commercial engines.

b. Objectives and Requirements

The bearing compartment seal system must perform successfully throuýh,-
out a wide range of environmental temperatures and prass~ras en'co'-Iter.d
in the flight envelope of the JTF17 engine. To ensure the ,altt,
reliability and durability of the seal system with t'-csc 'rJntCn
operating conditions, the following design objectives and requrcmentc.
were established:

I. A seal system which uses the coldest available, -:ur•Iv,-
source giving the required primary seal pressure r
which ensures minimum compartment a-i temp•,raturr,

BIIG-7
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2. A seal system which uses minimum s=pply air flow into the
compartments to ensure minimum heat rejection to the lubri-
cating oil.

3. A seal system which prevents oil vapors from entering the
gas generator air stream to eliminate cabin bleed air
contamination and oil auto-ignition.

4. A minimum service life of 10,000 hours.

5. Compatibility with PWA 521-B (Type II) lubricant.

6. A system which provides protection against oil contamination.

c. Design Approach

(1) Detailed Description

The seal system used in the three bearing compartments of the JTF17
engine is shown schematically in figure 5. It consists of the primary
seal, the secondary seal, the overboard vent and associated air 9upply
and vent lines.

A
,-Rotating Sha't. . .Rotngat Pr Iaelod Springs Primary Seal

Labyrinth Seal -t7Ring Seal[ (Hydrostatic)

Venting Chamber Rotatingj'7~ '7Seal
0 ~ '~Plate

Chamber CamberBern

LRing Seal Compartment

Vent Supply Air
(External of Engine) (Fan Discharge)

A A Metering

Orifice

Figure 5. Hydrostatic Seal System FD 16568
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In operation, cool fan discharge air is routed to the primary seal
supply chamber. The airflow then passes through metering orifices at
the periphery of the primary seal, which forces it to lift off from the
rotating seal plate. This concept, with the seal floatirg on a cushion
of air is called a Hydrostatic Seal. The lift off clearance is main-

tained by a force balance determined as shown in figure 6. Flow escaping
F- from the seal face is routed in two paths; one path to the bearing
1- compartment for breather system pressurization and the other path to the

vent chamber where it is directed overboard through the external vent.

SClosing Forces Opening Forces

EFFm = Sea Supply 1M3Fs1 =Slot Pressure x
Pressure a Area Slot Area
of Seal Back 1 R--(Slat Pressure +

IaBRB= Breather Pressurea Breather Pressure)
Area of Carriage 2
(Breather Side) aSea! Ares

inFcn= Chamber Pressures (Breather Side)
Area of Carriage
Back (Chamber Side) - =Fsw (Slot Pressure +

Chamber Pressure)
EXFsc = Spring Force + 2

Spring Constant x XSeai Area
Clearance (Chamber Side)

FCr= FHi + FBRB + FCHB + FSC FOT= FSL+ FSLBR + FSLCH

F FNET =FOT-FC- FRSF

s3 FRsi•=Fction Factor [Ring Seal Preload +

(AP Across Ring Seal - Seal Area)]

Figure 6. Typical Hydrostatic Seal - Force FD 16384p Balance BIIG

The secondary labyrinth seal controls air flow from the adjacent
9i environmental chamber, into the vent chamber. This flow is also routed

overboard through the external vent. The vented system prevents high
temperature environmental chamber air from entering the bearing compart-
ment and any oil vapors tihich might escape from the compartment are[ shunted overboard.

This pressurized and vented hydrostatic seal system was selected
following the design, comparative analysis, and testing of three different
seal systems. These three systems shown schematically in figure 7 are:

1. Radial knife edge labyrinth seals

S2. Face and ring type carbon rubbing seals with backup
labyrinth seals

I3. Hydrostatic seals with backup labyrinth seals.

The eaaluation of each system was based on its ability to achieve
the design objectives and requirements in addition to the following
factors relating to overall engine desig-i:

I. Compatability with lubrication and breather system in

regard to breather line size, flow rates and pressure.

BIIG-9
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2. Performance of engine de-oiler with each system

3. Size and flow rates of main oil pumps and scavenge pumps
with each system.

4. Influence of seal system pressurization flow rates on
- engine performance.

5. Effect of seal system on engine requirement of no heat
return to airframe.

6. Weight

7. Cost.

HYDROSTATICSEAL

High Pressure, 
-R tating

High Temp a 00
Environmental

AirSprings Bearing
Primary ea Compartment

Supply

RUBBING CARBON SEAL

Bear;ng
Compartment

Vent Seal B
Supply

LABYRINTH SEAL

Bearing
Compartment

Vent Seal
Supply

Figure 7. Comparison of Seal Arrangements FD 16398
BIIG

The system comprised entirely of radial knife edge labyrinth seals
(figure 8) will provide the durability required to achieve 10,000 hours
life because there are no rubbing or contacting surfaces in this design.
Design and testing of this type seal determined that radial clearances
necessitated by manufacturing tolerances and thermal expansion resulted
in a relatively high pressurization flow rate into the bearing compart-
ments and breather system. This in turn results in excessive heat

rejection to the oil.
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The evaluation of this design also determined that bearing compart-
ment breather pressure could not be maintained at the same level as.the
oil tank and gearboxes. This is due to the high flow rates associated
with this type of system and could resilt in internal oil loss and pos-
sible fire danger. These deficiencies eliminated this system design.
However, the durability achieved with the nonrubbing characteristics of
this type seal make it an ideal selection for the secondary seal in the
selected design where its flow rate through the overboard vent is not
critical.

The evaluation of carbon rubbing face seals with labyrinth backupi
(figure 9) determined this system to be adequate in most respects for
the JTF17 engine. However, frictional heat generated by the rubbing
carbon seals results in higher heat rejection rates and seal wear due
to seal plate rubbing as in current commercial eng ines.

During Phase II-C the initial experimental engines were operated
with carbon rubbing seals and showed that this design would satisfy engine
requirements. However, the bearing compartments have been designed to
facilitate the easy interchange front carbon rubbing seals to the hydro-
static seal design because preliminary testing in the J58 program has
shown that the hydrostatic seal has the advantage of less wear and lower
heat rejection. The carbon rubbing seals will be retained as a backup
design in the engine development program.

Preliminary testing and analysis shows that the hydrostatic seal
system with labyrinth backups meets all of the requirements and exceeds
the capabilities of the other systems considered, therefore, it was
selected for the JTF17 engine. Bearing compartment designs with this
system are shown in figures 1, 2, and 3. Included on these figures are
the airflow paths, pressures and temperatures for the most adverse flight
condition.

A comparison of the capabilitiLs of the hydrostatic seal system with
the other candidates systems is shown in table 1. -he very low flow
rate of the hydrostatic seal gystem in conjunction with low supply air
temperatures (figure 10) produces minimum heat rejection rates, as
shown in figure 11.

Table 1. Comparison of Seal Systems

Item Carbon Seals Labyrinth Seals Hydrostatic Seals

1. Maximum lubrication 4550 Btu/min 6850 Btu/min 3300 Btu/min
system mechanical
heat rejection

2. Oil flow 145 lb/min 195 lb/min 125 lb/min

3. Maximum seal pres- 0.38% 0.88% 0.03%
surization flow
(% high comp air)

BII(,-l2
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F The hydrostatic seal system development program for the JTFI7 engine
will use any applicable results obtained from the J58 program and from

ri NASA contracts NAS3-7605 and NAS3-7609 which are for advanced seal
development programs using the hydrostatic seal principle.

Testing of hydrostatic seal systems at hot environmental conditions
simulating J58 engine bearing compartments at flight condit'ons more
severe than required for the JTF17 has shown that:

1. The hydrostatic seal operating characteristics can be
predicted analytically.

2. H,!rustatic seals have no rubbing surfaces except on
start-up.

3. Hydrostatic seals will operate successfully throughout
the flight envelope.

(2) Product Assurance Considerations

F_ Specific features of the bearing compartment seal system that enhance
the JTF17 engine in the areas of Maintainability, Reliability and Safety
are-as follows.

f
(a) Maintainability

1. Maintenance is simplified because all three bearing compart-
ments are accessable without major engine disassembly. The
forward bearing compartment 2iich houses No. 1 and No. 2
bearings is easily reached by removing the front fan. The

f aft compartment which nouses the No. 4 bearing can be inspected
and maintained by rcmoving the tail cone. The middle compart-
ment which houses No. 3 bearing is accessible after the turbine
assembly is removed as a balanced unit. The accessibility of

Sall three compartments is a significant design improvement
over present comnercial engines.

2. The material selected for the hydrostatic seal ring is a high
temperature carbon used successfully in conventional carbon
rubbing face seals. One of the primary goals established for
the hydrostatic seal development program is to develop a material
that will be more durable during normal maintenance and handling.
Initial studies show that composition materials fabricated from
self-wicking sintered metals and carbon can be used successfully.
During Phase III this development will be accelerated in an effort
to eliminate the brittle type carbon material from the seal system.

(b) Reliability

Reliability of the pressurized and vented seal system is assured by:

I. The use of a secondary labyrinth air seal and overboard vent
that routes high temperature air ovehboard thereby preventing
it from reaching the bearing compartment.
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2. The hydrostatic primary seal which has the capability to act
as a conventional carbon rubbing face seal in the event of
loss of supply air pressure through the use of preload springs
that force the seal ring against the seal plate similar to
current carbon rubbing seals.

3. The seal plate which is cooled with a positive flow of oil
through closely spaced holes within the plate to retard wear
in the event of seal ring and seal plate contact.

(c) Safety

Safety features of the pressurized and vented hydrostatic seal system,
in addition to features noted under reliability, are:

1. A positive pressure drop across the primary seals maintains
a positive pressure differential in the bearing compartment
throughout the flight envelope.

2.•r• -1q•hyrinth seals prevent high temperature air from
reaching the primary seai and thibearing compartment.

3. The overboard vent which discharges seal leakage air and/or
possible oil vapors to an external location prevents oil or
vapors from entering the main engine gas path and cabin air
bleed.

4. Positive sealing of the bearing compartment at all flight
conditions reduces oil oxidation and prevents dirt from get-
ting in the oil.

5. Low supply air temperatures and flow rates give minimum heat
rejection and prevent thermal degradation of the lubricaling
oil.

(d) Material List

Material selections for the primary and secondary seals are shown in
table 2. Materials used in the supply and vent lines are listed in
paragraph I of this report.

Table 2. Materials

Component Material

1. Carbon seal rir, High temperature carbon (CD733)

2. Carbon scal carrier Inconel 718 (FAA 1010)

3. Rotating seal plate Inconel 718 (PWA 1010)

4. Seal plate coating Chrome carbide (PWA 50)

5. Secondary seal knife edge Waspalloy (PWA 1016)

6. Secondary seal land lastelloy N (PWA 1012)

7. Torque pin sleeve L-605 (AMS 5759)

8. Primary seal piston rings Cast iron (PWA 790)

9, Preload springs Inconel X (AMS 5699)
BIIG-16
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L3. Accessory Drives

i r a. Description

L Accessory and external component drives are provided by three tower-

shafts driven by the high rotor through a bevel gear system as illustrated
in figure 12. One towershaft drives an accessory gearbox located on top
of the engine, providing pctvar takeoff drives for airframe accessories and
for engine starting. A left side towershaft drives the main engine gearbox.
This _earbox drives the main fuel pump, the unitized main fuel control,
and the engine hydraulic pump. A right side towershaft drives the rain
engine oil pump, and an airframe air pump .for the Lockheed installation.
Orientation of these drive provisions differs slightly for the Boeing
and Lockheed engines in order to secure an installation that is most
compatible with airframe requirements.

The design of these drive provisions has incorporated J58 experience
with high ter-erature gears and drives. This experience is reflected
in the materials selected and the design criteria used.

. . . b. Design" Objectives and Requirements

The design objeztive of this system is to provide a reliable, safe
means for power extraction for aircraft requirements, engine accessory
requirements and for engine starting. Specific requirements are:

1. To provide life consistent with a 50,000 hour objective lifa
as defined in Section I of this volume.

2. To provide an external engine configuration consistent with
engine and installation requirements.

3. To provide a main engine accessory gearbox that will:

1. a. Provide support and drive for the gas generator fuel pump
(85 HP), hydraulic pump (120 HP), N tachometer, engine

2lubrication system deoiler, 'nd gearbox scavenge pump.

b. Provide drive for the unitized fuel control.

c. Provide a stubshaft drive to allow manual rotation of the[/ high compressor.

4. To provide a secondary N, gearbox that will:

a. House and drive the engine oil pressure pump and a three

element oil scavenge pump.

b. House the lubrication system filter and oil pressure4 regulator valve.

c. For the Lockheed installation only, drive and partially
support an airframe air-conditioner compressor (approx.
300 HP, 9500 rpm)

[ BIIG-I7
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a. Provide a drivz ... em capable of transferrira power for
starting the engine from an airframe>.njed starter to
the engine.

b. Meet the airframe requirements for accessory drive given
below: The Boeing Company requires a fixed gearbox that[ supplies the support and drive for two airframe hydraulic
pumps ani an airframe accessory drive. For the hydraulic pump
the requirement is to supply two pads according to specifi-
cation AS 519 that will drive at approximately 4500 rpm
and transmit 20 horsepower each. For the power
takeoff the requirement is to drive at approximately
8000 rpm and transmit 550 HP continuously. This pad
must also conform to specification AS 519.

The Lockheed California Company requires a power takeoff
gearbox which includes (1) provision for coupling to an
airframe-furnished flexible shaft, (2) a remotely actuated
decoupler, and (3) provision for rotation of gearbox housing
for right and left installation. The PTO drive must rotate
at approximately 9250 rpm and deliver 550 HP continuously.

c. Design Approach

(1) Detailed Description

The engine main accessory gearbox is shown in figure 13, and is common
to both installations. This gearbox provides drive capability for the
gas generator fuel pump, the engine hydraulic pump, the engine unitized
fuel control, the N2 tachometer, and the lubrication system deoiler.

The engine secondary accessory N, gearbox for each installation is
shown in figurpg 14 and 15. In the Boeing installation the purpose of
this gearbox is to contain the oil pressure pump, oil filter, oil pressure
regulating valve, No. 1 and No. 2 bearing compartment scavenge pump) and
the No. 3 bearing compartment scavenge pump. In the Lockheed installation
the purpose of the gearbox is the sa~ne as for the Boeing installation,
with the added requirement for supporting and driving an air compressor
that is part of the airplane air-conditioning system.

The main and secondary N2 gearboxes are mounted directly to the
ngine intermediate case by means of three attachment points. (See figure

16.) Hinged joints are located fore and aft of the towershaft pad on the

r towershaft centerline. A drag link is located from the forward corner of
the gearbox housing to the engine case. In addition to the three attach-
ment p~ints, a vertical alignment lug is located directly in line with the
towershaft pad. This mounting system provides complete gearbox restraint
without inducing stresses in the gearbox or accessories because of mechan-
ical or thermal deflections of the engine.

• -The PTO gearbox provides drive capabilities far airframe accessoriesf and the engine starting. The Boeing Company and Lockheed California
Company have different requirements, and gearboxes for the two installations
are shown in figure 17. PTO gearboxes are mounted directly on the engine

intermediate case by a bolted flange connection around the towershaft drive.

BG< BIIG-19
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All production gearbox housings are cast titanium. This material
provides the best strength-to-weight ratio at the temperatures encountered,
and utilizes the stiff supporting characteristics of the thick walled cast
construction. During Phase II-C an investigation was initiated to improve
casting techniques used for titanium gearboxes. Present casting technology
is illustrated by figure 18. Present casting of gearboy-size units would
result in (1) thickwall castings that require machining if minimum weight
is to be maintained, (2) the limiting of possible core configurations
for internal oil passages and (3) high unit cost. This investigation
will be continued during Phase III. Until these casting techniques are
thoroughly proven, early prototype engines will be fitted with fabricated
titanium housings. Fabricated titanium gearbox housings have been used
suctessfully throughout the J58 development and production program.

Figure 18. Titanium Casting FE 61376
BIIG

Gearbox lubrication is supplied directly from the main engine oil
system. Oil is introduced through jets located at strategic points
in the gearbox and is distributed through the various shafts to the gears,
bearings, and seal faces for lubrication and cooling. All accessory drive
splines are provided with positive lubrication to reduce wear and binding.
In addition to the oil that is delivered directly to the bearings and
seals, sufficient oil is dispersed throughout the gearbox to cool the
housing walls to a maximum housing wall temperature of 4500 F.

The main and secondary N gearboxes are drained by a gear-type
20ýscavenge pump at the bottom of each gearbox housing. The scavenge pump

is accessible for inspection or replacement without removal of the gear-
box or accessories. Maximum discharge oil temperature is 380'F.

All shafts and gears are straddle-mounted on antifriction bearings
that are designed to support the required radial and axial loads for a

BIIG-23
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minimum B'-10 life expectancy of 10,000 hours as defined by the AFBMA
(Anti-Friction Bearing Manufacturers Association), Bearings are heat-
treated at 1000*F to stabilize them for minimum distortion at operating
temperatures. All bearing cages are steel and are silver plated. These
bearing materials are used in all J58 accessory drives and have demonstra-
ted reliability and long life in development and service. In J58 use,
accessoryl bearings operate at temperatures of 600 to 6500 F. In the JTF17
the operational temperature will be approximately 430°F (170 to 220 0 F
cooler).

All rotating bearings are designed so that the inner race rotates.
The inner races have tight fits and positive retention on their associ-
ated shafts. All outer races are either flanged and bolted, or are
set in replaceable bolted steel liners with closely controlled fits and
mechanical locking to prevent rotation. Thrust bearings are provided on
all shafts, and provision for bi-directional thrust is provided where
necessary. All bearing liners are mechanically retained in the housing
casting to minimize gear and bearing misalignmenc due to load and thermal
deflections. Bearings are set as far apart as possible to minimize misal-
ignment aue to tolerance and thermal deflection. Maximum allowable mis-
alignment between meshing gears is limited to 0* 07' under most adverse
conditions to avoid undesirable mesh conditions that result in excessive
gear wear and high bearing loads.

The balanced tooth concept is used for all gear design. With this
concept, the erdurance beam strength of the pinion and gear in a mesh is
equalized to give maximum possible life. Tooth form layouts are made to
establish the best tooth properties for the design application with respect
to wear and strength, contact ratios, and the ability to run without
interference under adverse mounting conditions. All gear tolerances are
governed by specification PWA 350 to ensure accuracy of the gear teeth with
respect to tooth form and tooth errors that may affect dynamic tooth loading.

-All gear teeth and gear webs are shot peened to increase fatigue life.

All gears and shafts are designed of material with the following
properties:

psi
Ultimate stress 150,000

0.27 yield stress 130,000

Endurance strength 65,000

Shear stress 78,000

Hertz compressive stress criteria for gear teeth are:

Bevel Gears, psi Spur Gears, psi

Continuous 90,000 105,000

OVerload 120,000 135,000

Starting 140,000 155,000

Gear and shaft stress values are comparable to those used in the J58
engine and have been verified by over 32,000 hours of development testing

BIIG-24
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Son engines and rigs. Of this, more than 12,000 hours have been at high

Mach number environmental and oil temperatures. In addition, substantial
service operation is being accumulated at high temperature. The J58 gears

I. and shafts arz d2signed to operate at temperatures up to 7250 F. The
JTF17 gears and shafting will operate approximately 3000 F cooler (4307F
maximum).

F All Gplines are standard specification AS 84B half-depth involute
splines, except where misalignment is the primary concern. Shafts

r subject to misalignment, such as the towershaft, have special full-depth
1 splines to give maximum working depth for a given face width. Non-

working splines are unhardened, double-piloted, and secured. Working
r splines are case hardened, ground where possible, and lubricated.

I |Bearing stress limits for splines are:

a. Case hardened loose splines subject to up to 0.008 in/in mis-
alignment - 3800 psi.

b. Soft spline (RL30 min) with a hand press fit or sliding fit
secured by bolt or nut and double piloted - 12,500 psi.

All accessory pads are sealed with replaceable cartridge type seals
similar to the J58. The seal carbon ring material was chosen for its
low frictional coefficient and its oxidation resistance at elevated

temperatures. Seal plates are integral with the accessory drive shaft,
where possible, to reduce weight and to simplify configuration.

Seals and seal plates follow the design of those developed for, and
used in, J58 engine accessory drives. During J58 engine development
various carbon grades and types and various seal plate materials andI coatings were evaluated. In addition to development testing as gearbox
components, individual cartridge seal rigs were operated in excess of
2600 hours. In J58 engine operation the seals are subjected to temperatures
of 650 to 750 0 F. In JTFI7 engine service the seals will be subjected to
maximum temperatures that are approximately 2000 F cooler (4500 F).

Carbon seal faces are finished flat to within 3 helium light bandsI with a surface finish equivalent to 4 AA according to FWA specification
351. Seal plates are finished flat to within 2 helium light bands with
a surface finish eluivalent to 5 AA according to PWA specification 351 and
are held square to the shaft bearings within 0.0005 in. FIR.

All accessory drives and their associated power train have been designed
to conform with current aeronautical standards governing the capabilities
of the various accessories as follows:

1. Individual accessory drives are capable of delivering the rated
power continuously from ground idle to maximum speed, and can
withstand a static torque equivalent to five times the rated
power at ground idle speed without failure or permanent deforma-
tion.

BI13-25
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2. The power train is capable of delivering the rated power to. all
associated accessory pads continuously from ground idle to maxi-
mum speed, and can withstand a torque equivalent to five times
the continuous rated power of any one accessory in addition to
the continuous rated power of all other associated accessories
at ground idle speed without failure or permanent deformation.

Components within the starting train are sized to reach yield stress
at a minimum factor of 2.65 times maximum starting torque. Shear sections
are sized to reach ultimate stress at a factor of 2 times maximum starting I
torque. The factor of 2 times the starting torque for the shear section
is selected to handle impact loading that may occur during starting.
The factor of 2.65 times the starting torque is to ensure that the shear
section will fail first, thereby protecting components within the start-
ing train. These factors, proven to be acceptable and reliable margins,
are used on current P&WA commercial and military engines. Starting
torque requirements for the J-ckheed California Company and The Boeing I
Company engines are shown in figures 19 and 20.

Z i40RatoitLI
- -0 40-20 0 2040 60

AMBIENT TEMPERATURE 7
IOOC1000 a-o

E.•,dd Band

5 on

1, 600 r'
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•0 0 F
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Figure 19. Starting Requirements - Lockheed FD 16399
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Critical speed of shafts and gears has been designed to be a minimum
of 1.2 times the maximum operating speed. All shafts and gears are

S~designed to minimize resonant frequencies within the operating range.

- Prior to final design, each gear and shaft design has been individually
tested to determine the natural vibiatory frequencies and modes. Resonance

S~of the 1st and 2nd nodal frequencies are avoided entirely) and frequencies
of the higher nodal orders have been shifted to points of transient
operation by recontouring, remounting or damping.

[ The lubrication system centrifugal deoiler (figure 21) is of the

"pin wheel" type. It is based on development testing conducted for the

J58 engine program. Measured oil loss and pressure drop of a production
S~JSB deoiler (which is completely adequate) compared to the equivalent pin

wheel design are shown in figures 22 and 23. The data indicate that this
design is significantly more efficient in oil separation and has a reduced

. [" pressure loss. This efficient design will minimize oil loss through a

•L broad range of breather airflow and pressure.

[
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Figure 23. Deoiler Pressure Drop Comparison PD 16402

(2) Product Assurance Considerations

01i

L the following:
i. In the main accessory gearbox the provision for manual rotation

(2) of the rotor As made to allow effective borescope inspection

of both compressor and Ist-stage turbine blading without removing
the gearbox or accessories.

S2. In the main and secondary N accessory gearboxes the provision to
disengage the transfer shafi is made to allow access to, and
replacement of, the No. 2 bearing without the removal of the
gearbox and attached accessories.

r3. Accessory pad cartridge-type carbon face seals are accessible for
L inspection or replacement without gearbox disassembly.

4. All tapped holes in the housings are provided with replaceable
steel inserts, and all brackets, attachments, or other areas
subject to wear are separable from the housing or are provided
with removable bushings.

[5. A magnetic-type chip detector is located in the sump area of
each gearbox housing. The detector is accessible for inspection
without removal of any other engine components.

6. The scavenge pumps, oil pressure pump, and oil filter are individual
component assemblies that fit into cavities within the gearbox
housings. They are readily removable for inspection, cleaning,
or replacement wtthout further engine disassembly.
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7 Bearings are either directly bolted into the housing or are
retained in bolted in, replaceable liners.

8. Accessory drive splines are lubricated. [1

9. Gear teeth and gear webs are shot peened to increase fatigue
life. [

The following safety considerations were used in the design of the
accessory drives: Ill

1. Proved and standard safety margins are incorporated into the
gear and drive train designs.

2. Critical and resonant frequencies are not in normal operating
speed ranges.

3. Temperature resistant materials are used for gearbox housings. [
4. Bearings inner and outer races are retained and restrained

against uncontrolled race spinning or unseating. [
5. Shear sections are provided to protect internal engine components

in the event of loads exceeding design requirements.and margins.

6. Overboard drain provisions are ncorporated between each gearbox
drive pad and driven accessory to prevent contamination of oil
in the event of accessory shaft seal failure. [

(3) Material Summnary

1. Gearbox housings Titanium (see Design Approach) [
2. Gears and Shafts Alloy Steel PWA 724 or PWA 742*

3. Bearings

Races Alloy Steel PWA 724, PWA 742*
or PWA 725 [

Balls/rollers Alloy Steel PWA 724, FWA 742*or PWA 725

Cages Alloy Steel AMS 6415 [
4. Cartridge Seal

Carbon Ring High Temperature
Grade CDJ83

Seal Face Alloy Steel PWA 724 or PWA 742*

5. Gearbox Mounting Links AISi 410 AMS 5613 [
Stainless Szeel

6, Centrifugal Deoiler Cast AISI 410 AMS 5350
Stainless Steel

*PWA 742 (new specification) is same as PWA 724 except vacuum melted.

BIIG-30
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f H. STRUCTURAL/MECHANICAL

i. General

The preceding paragr&phs of Section II of this Report contain a detailed
description of the individual major components of the JTFI7 engine. Those
items affecting overall engine configuration that have not been previously
described are included in this paragraph. The subjects discussed are
bearing and structural tests, engine mounts and thrust bearing design
criteria, engine thrust balance system, windmilling thrust balance load
analysis, vibration characteristics, field inspection and repair capability,
and features to extend the service life of the engine structure. A brief
description of the maintainability features has been included because of
their direct influence on the engine configuration, even though they areU discussed in detail in Volume IV, Report F, Section I (Maintainability).
Unless otherwise indicated, all descriptive material applied to both proto-[ type an3 production engines.

2. Bearing and Structural Tests

Sa. -scription

Structural tests conducted during Phase II consisted primarily of rig
evaluation of bearings and test stand operation of the engine. Past
experience has shown that any inadequacies in the design are usually dis-
covered during this initial evaluation. The early detection of possible
problem areas has,in the past, reduced the number of changes required as a
result of the full-scale engine testing. Because laboratory evaluation
to verify the structural adequacy of individual engine components is planned

r. for Phase III, information gained in other engine development programs,
such as tie J58 and JT3D, was relied upon for the current JTFI7 design.
Furthermore, the successful high-temperature turbine used in the. J58 engine
laid the grounduork for the structural design of the JTFI7 turbine. The
laboratory and engine test data obtained in these programs were applied
directly to the SST engine.

b. Test Objective

The general objective of the bearing test program was the initial
evaluation of the main rotor bearings in a standard PSWA acceptance test.
The specific objective consisted of operating each bearing under load
at design speed.

I c. Test Results

A summary of the test conditions and results for each of the main
rotor bearings tested is given in table 1. Ball bearings are used in
positions No. I and No. 2 and roller bearings are used in pcsitions No.3
and No. 4. A range of thrust loads was applied to the ball bearings
during the test to simulate engine conditions; roller bearings were sub-
jected to bearing preload only.

BIII-I
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S" " ~Table 1. Main Bearing Test Results

Posi- Bearing Maximum Test Load Test Results
tion Function Test Speed Type Range Duration

(rpm) (Ib) (hr).

1 Low compressor 5960 Thrust 2800 37.5 Successful
thrust bearing

2 High compressor 8800 Thrust 2000 to 6.5 Cage Failure
thrust bearing 14,000 (See Explana-

tion below)

2 High compressor 8800 Thrust 2000 to 72.S Successful
thrust bearing 14,000

3 High turbine 8400 Preload 2000 21.4 Successful
shaft radial only
support

4 Lco.- turbine 6200 Preload 500 30.9 Successful
shaft radial only
support

The only difficulty that occurred during these tests was severe wear of
the cage-race riding surfaces of the No. 2 bearing (high compressor thrust
bearing). A bearing from another vendor, made to the same NWA Specifications,
passed the test with no difficulty and was used in the initial engine builds.
The successful hardware had a larger clearance in the failure area as com-
pared to the first test part. All subsequent parts have been modified to
ensure adequate clearances.

Although the bearings on the towershaft drive w-ere not rig tested during
Phase II, engine operation was very successful, and no problems have occurred
in this area.

3. Engine Mounts and Thrust Bearing Design Criteria

a. General

The design criteria that we use for engine mounts and thrust bearings
have resulted from the experience P6WA has had on many successful engine
programs. For example, engine mounts designed to our standards have accumu-
lated over 39 million hours of commercial flight time without a single
failure.

b. Engine Mount.:

(1) Description

The engine mounting system (fig-re 1) is composed of front and rear
mount rings with airframe attachment points designed to resist all the
engine genera-ed loads, as well as the maximum anticipated maneuver and
externally applied aercdynamic loads. The mount rings are located in

BIIH-2
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approximately the same axial position relative to the epgine centerline
for both the Lockheed and Boeing designs. However, the attachment con-

figurations between the engine and airframe are completely different and
1 [ are discussed separately below.

Splitter
Rings View B Front Mount Ring

Intermed•ate Dud Hater Support Struts

S•Att~hrnent
•Xit \ - ntermewdiate +

Guide Case Strut

•" Outer Gas
Generatofr

¶ {j. Spaced Rear Support

+• Gas Generator Fron Support

[ View A Duct Heater Support Struts

Figure 1. Gas Generator Support Structure FD 16277
BIIH

2 r The gas generator is supported radially and axially by the intermediate
S. case struts and radially by the duct heater support struts, as sho-wn in

figure 1. Loads from the gas generator are transmitted through the eight
r intermediate case and duct heater struts to the outer duct case, which

I Lthen distributes the load to the front and rear mount rings.

Ground-handling attachment points are provided on both front and rear
rings for Boeing and Lockheed as shown on Installation Drawing No. 2128091
and 2128090 respectively.

(2) Design Objectives

The design ob_.ctives of the zngine mount system are as follows:

1 i. Provide attachment between the airframe structure and the

engine

2. Provide optimum accessibility for maintainability (engineI: removal and installation)

3. Ensure optimum load distribution in airframe and engine

4 structure.

The gas generator support is intended to:

I. Provide support and alignment for the gas generator

2. Reduce the vibratiry excitation of the gas generator

(amplitude)

BIIH-3
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3. Reduce the moment applied to the intermediate case struts
under maximum maneuver conditions to minimize gas generator
deflection.

(3) Design Requirement

The engine mount configuration is designed to match the mating wing
structure and provide maintainability features reo.:t.red by the respective
airframe installations. The design requirements are discussed separately
for the Lockheed and Boeing installations in the following paragraphs.
The primary gas generator mounting is the same for both airframe con-
figurations.

(a) Lockheed Configuration

On the Lockheed installation (shown in figure 2), the front mount ring
is located just forward of the fan section with attachment points at
38 degrees above the horizontal centerline on each side of the engine.
Axiel and side loads can be resisted at either attachment point to facili-
tate right- or left-hand engine installation while vertical loads are
resisted aE both points. The rear mount ring is located aft of the duct
heater support struts with attachment points located approximately 45 degrees
above the horizontal centerline on each side of the engine. To provide ease
of installation and maintenance, radial link attachments are used as shown
in figure 3.

Front Mount

Distance Between Mount Planes 75.8Z. in. I

Engine Weight 10,132 ib
Engine CG from Front Mount 71.0 in. Aft

The Allowable L.imit Loads for Each Mount Attachment
P int Must Satisfy AUl Equations Below:i

Iv - 28,00 lb Jvy-- 8,000 lb
IH1J" 35,0')0 lb ILdl-- 72,000 lb

I~l-75.000 lb I L2-- ,3.000 lb I
Figure 2. Lockheed Mount Loads FD 16275BIHII
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Engint Mount Ring Link Acmen

Figure 3. Radial Link Attachment Lockheed FD 16387

BIN

-rA schematic of the mount system with maximum loads is shown in fig-

' ure 2. The thrust load is transmitted through a ball-and-socket front
mount and a thrust link to the airframe. Side loads and yaw moments are
resisted by side supports on the front and rear rings. Vertical support

L points on the front and rear rings carry roll and pitch moments and
vertical loads. Bending moment curves for the front and rear rings are
shown in figures 4 and 5.

S= 300

5o 200

0

E" 100

0 60 120 180 240 300 360

Figure 4. Bending Moment vs Ring Circumferential FD 16380
Position Lockheed Front Mount Ring BIIH
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s'300

o 200

.0 100

S-100

S-200

40C-3.00

M -400Z

W -5001 _£ _ __I

M 0 60 120 180 240 300 360

0 - deg

Figure 5. Bending Moment vs Ring Circumferential FD 16377
Position - Lockheed Left Rear Mount BU1H
Ring

(b) Boeing Configuration

For the Boeing installation (shown in figure 6), the front ring is
located forward of the fan section with attachment points 9.1 inches
either side of the vertical centerline. Horizontal and thrust loads
can be carried by either attachment point to facilitate right- or left-
hand engine installation, and vertical loads are carried by both points.
The rear mount ring is located aft of-the duct heater support struts.
Attachment points are located 150 on either side of the top vertical center-
line with loads applied tangentially.

"•4.57.7 R • L•

.58RI V1  91,OM lbD

Distance Between Mount Planes 75S23 in. I -• 114,000 lb
Engine Weight 10,90 lb I H11 41,000 lb
Inlet Weight 2,600 lb
Engine C G from Front Mount 71.2 in.Aft IF, I 122,0 lb
The allowable limit loads for each IFI 22,500 lb
mount attachment point must satisfy all I V , 66,i•W0 lb

equations below:

Figure 6. Boeing Mount Loads FD 16276

B1IH
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Volur-e III[ A schematic of the mount system showing the maximum leads is shown
in figure 6. Maximum mount reactions occur as a result of aerodynamic

jiloading combined with maximum thrust. Bending moment curves are shown S~in figures 7 and 8.

S300

tL 4 2100

~-200 _

0
-30 0

z400

4z
• -500 ...[ 0 60 120 180 240 300 360

S#0 - deg

[ Figure 7. Bending Moment vs Ring Circumferential FD 16378
Position - Boeing Front Mount Ring BIIH

c 300

o200 ..

[ _

.• 100... •

SE 0 -----

-100

S-200
0

:[ -, __300

• 400

0 60 120 180 240 300 360
Se0 - deg

Figure 8. Boeing Rear Mount Ring FD 16379
• BIIH
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(c) Primary Gas Generator Mounting

The primary gas generator support, which is the same for both the fl
Lockheed and Boeing designs, is shown in figure 1. It is designed to
satisfy the following requirements:

1. Allow removal of the outer and inner fan duct and the duct
heater as a single unit without a need for access to this
area for disconnecting the rear gas generator support 'A

2. Allow adequate room for routing of No. 4 bearing oil plumbing, i
duct fuel plumbing, and instrumentation leads

3. To provide 360 square inches of airfl w area which is
required to ventilate the region betw en the duct heater
and the gas generator, and for coolin' the ID liners of
the duct heater. .

(4) Design Criteria

Design loads for the engine mount system, as shown in figures 2 and 6,
were based on maneuver conditions specified by the respective airframe
manuZacturers. (Refer to Report B, Section II, paragraph A, of this
Volume.)

Combined stresses from engine, maneuver, and gust lads were limited
to 0.2% of the yield strength or 67% of the ultimate strength, whichever
is lower. In weld areas, the maximum stress will be equal to or less U'
than 80% of the 0.2% yield strength. This criteria, based on our com-
mercial engine experience, ensures no permanent set at limit load con-
ditions and no failures at ultimate load conditions. r

The limiting criteria in the front mount ring was a stress limit of
807. of the yield strength of the material in bending. For the rear mount
ring, a deflection limit was established at 0.50 inch maximum to prevent
undue flexure of the engine. Local atresses in mount lugs were allowed,
to reach the 0.2% yield stress. I

(5) Material Selection

In both installations, the frcnt mount is fabricated from AMS 4966
(A-l10) titanium and the rear mount from AMS 1009 (Inconel 718). These
material selections provided a minimum engine weight. Titanium in the
front mount ring was dictated by blade containment in the fan outer case.
(Refer to Report B, Section II, paragraph A, of this Volume.) Inconel 718
v-as used in the rear ring for three reasons: U

1. Strength at the required operating temperature
2. High modulus of elasticity
3. Ease of fabrication.

The materials used in the rear gas generator support are Inconel 718 r
for the inner element and AMS 5616 for the outer element. The Inconel 718
was selected because it meets the strength and temperature requirements.
The AMS 5616 was used because of its thermal growth compatibility with the
mating titanium structure. liiS~BIIH-8-
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(6) Design Approach

LrThe engine mount ring cross section in both installations is trapezoidal in
shape (figure 1). This configuration allows for thermal expansion while
providing maximum structural strength. The trapezoidal design was chosen

because the conventional "U" cross section ring structure used on the JT3D
~ [and JT4 was unsatisfactory in the J58 application, while the selected

shape performed satisfactorily. These failures were attributed to the
larger cyclic temperature gradient imposed on the straight sides of the

S Fring during each engine environmental operating cycle. This larger gra-
dient is due to the higher Mach number operation of the J58 as compared
to previous engines.

F The primary gas generator is supported at a front and rear location.
The front support utilizes the ring structure required in the intermediate
case for aerodynamic considerations. This ring, located at the strut
mid-span, separates the fan flow from the high compressor flow and also
provides the attachment for the gas generator cases (figure 1). The
rear support is located axially at the duct support struts. This support
allows axial, unrestrained thermal growth of the gas generator, while pro-
viding radial support through 32 splines, as shown in figure 1. A detailed
description of this support is given in paragraph D of this section (Duct
Heater). This feature provides for:

1. Assembly and disassembly of the duct heater without the need
for access to the inner cavity

2. Axial and radial thermal expansion between the "hot" gas
generator and the "cold" fan duct.

To satisfy the airflow, plumbing and instrumentation requirements - and
still maintain adequate stiffness - the rear support structure is a truss
con figu ration.

[c. Thrust Bearing

(1) Description

The thrust bearings selected for the JTF17 engine are ball bearings
similar to those used in all F&JA engines. One such bearing is used on
the high compressor-turbine rotor shaft and one ont the low compressor-
turbine shaft. Although the thrust balancing system described in para-
graph 4, below, is designed to minimize the unbalanced axial thrust by
the use of pressure forces, some unbalance always remains and makes the[use of mechanical thrust bearings necessary.

Since the target life for the engine is 10,000 hours without major
repair, the thrust bearings must have at least that degree of durability.
Our approach to achieving this durability is presented below.

(2) Design Criteria

The minimum design criterion life of both thrust bearings is 10,000 hours

[
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(3) Design Approach and Material

A minimum design criterion life of 10,000 hours is far in excess of that
used in current turbofan engine design. For example, the JT3D turbofan
engine main thrust bearing criterion life is 2000 hours. We expect the
JTF17 bearings to be better than those currently used in the JT3D because
of the following:

1. The use of improved materials, such as PWA 725 (M-50) and
PWA 742 (Bower 315), that have produced good results on
the J58, JT3D, and TF30 engines

2. An improved cage design and individually balanced cages
similar to the TF30 engine thrust bearing

3. Special attention will be paid to bearing compartment
design to provide sealing and packaging that will protect
the bearing from corrosive atmosphere and dirt

4. Careful selection of the lubricant to ensure that it is
compatible with the SST requirements, coupled with opera-
tion at the lowest practicable temperature I'

5. Housing design flexible enough to minimize the effects of
misalignment.

Experience has shown the service life of bearings generally exceeds the U:
minimum criterion design life by a large facto.i. Fur example, the design
criterion life used for the JT3D engine design was 2000 hours, whereas the
TBO for the engine is 8000 hours and the in-flight shutdown (IFS) rate
attributable to the high rotor main thrust bearing is 1,340,000 hours.

4. Engine Thrust Balance System [
U

a. Description

The thrust balancing system used on the JTF17 makes use of the pres-
sure differential forces acting on the internal components of the engine
(hubs, shafts, and disks), and the aerodynamic forces on the blades and
vanes in the compressors and turbines, to minimize axially unbalanced
forces. Since these forces cannot be perfectly balanced for all modes of
engine operation, rolling element thrust bearings are used to resist any
residual unbalance.[

The air used for cooling the internal engine components such as turbine

disks and blades also supplies the pressure differentials which produce
the forces required to balance the rotors. Thus the cooling airflow and
thrust balance system must be designed together.

b. Design Objectives

The major design object 4ivs are:

1. To design a system t'.at will produce bearing loads at all
flight conditions and power settings that are within re-
quired bearing life

[
BunI-10
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Volume IIIT 2. To prevent the axial thrust load on either rotor from re-
Sversing direction at any operating condition to prevent

bearing skid

[3. To supply cooling airflow to the fan, compressor, turbine
disks and blades, and all other engine parts that require

f a specific thermal environment

[ 4. To limit radial outflow of air into the main gas patli,
4 •consistent with fan, compressor, and turbine performancerequirements.

c. Design Requirements

[The major design requirements are:
1. Thrust bearing loads must be commensurate with a 10,000-

hour engine use without major repair

2. The thrust balance system must always apply a minimum thrust
load to the bearings to prevent skidding.

d. Design Criteria

Because the thrust balance system must be compatible with component
cooling and performance requirements, the basic balancing method was
formulated early in the engine design program. The following design

[. criteria were established in the initial design stage:I
1. Cooling airflow rates that are high enough to ensure that

the disk metal temperatures respond at a rate commensurate
with the disk low cycle fatigue (LCF) requirements. (These
flows must satisfy start-up and int-flight transient and
steady-state conditions.)

2. Minimum cooling air outflow to the main gas path

3. Insensitivity of the system to possible variations in seal
clearances in terms of effects on bearing loads or cooling

L flows

4. Minimum thrust load of 1100 pounds on the low rotor and
2400 pounds on the high (The values have been determined

L analytically. Although they are consistent with past
engine experience, substantiation is planned in rig and
1TF17 environmental operation.)

S . A system flexible eno'tgh to allow for future design changes
and engine growth

6. A system easily varied for the prrpose of adjusting bear-
ing loads during the engine development program

7. A system in which the pressures in important locations in
the engine are known by a correlation with a conveniently
measurable location, such as Pt3'
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e. Design Approach

(1) General

The aerodynamic forces on the compressor and turbine blades are closely
related to engine performance and normally cannot be changed solely to U
accomplish a more desirable thrust balance. Therefore, the static pres-
sure balance of the internal rotating parts (disks, shafts, and seals) is
the onumy means available to control the axial force acting on the rotor
thrust bearings. This is iccomplished by dividing the engine into pres-
sure "chambers," and controlling the pressure in these "chambers." Inter-

stage labyrinth seals are used extensively to provide both functions
(division and pressure control).

Cooling flow paths must be studied simultaneously with the thrust balance
design because the internal engine air circulation has to be commensurate
with the overall engine cooling requirement. Therefore, a mathematical
model in which the complete engine geometry and flow parameters can be
dynamically simulated on a digital computer program was established. With
this model, which has been verified by extensive testing in the J58 program,
a variety of flight conditions, such as Mach number and altitude, can be
analyzed in a minimum amount of time. The final thrust balance and cooling
method are shown in figure 9. This system will meet all objectives and
requirements of the JTF17. The system offers the following advantages:

1. Versatility from the standpoint of future design changes
and engine growth

2. A superior labyrinth sealing system that can operate at
low clearances, react favorably to rapid thermal transient3, [I
and result in loads being insensitive to any reasonable
clearance variation

3. Minimum design risk because thrust load forces rely
principally on engine station pressures.

An off-design study to determine the effects of changes in the labyrinth
seal clearances on bearing load and cooling flows was conducted. This study
showed that a 200% variation of flow area in any one seal may occur without
seriously affecting the thrust balance. Since this change in seal flow area
would not be expected to occur in normal operation of the engine, it can be
concluded that the present design is very insensitive to seal leakage.
Figure 10 shows a typical seal clearance sensitivity plot for the turbine
high rotor forward seal. It indicates a 10% change in thrust balance
force for a 2007. increase in seal flow area.

BIIH-12
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Figure 10. Results of Typical 1st-Stage FD 17709
Turbine Labyrinth Seal Flow BIIH
and High Rotor Bearing Load
Sensitivity Study

(2) Thrust Balance

The computer program mentioned above was used to design a system so
that the predominant direction of force on the thrust bearings for the
expected engine operattng envelope would be forward on the low rotor and
rearward on the high rotor.

The forward loading on the low rotor results from the fan blade forward
aerodynamic load. This load can be reduced to an acceptable level, but it
is too large to be reversed by the available pressure balance forces.

The rearward-loaded high rotor is primarily due to the ist-stage turbine
design requirements. The pressure on the forward side of the Ist-stage disk
(cavity 6, figure 9) must be higher than the main stream turbine inlet
pressure to (1) prevent "nOt" turbine gases from mixing with the cooling air
system, and (2) supply the cooling airflow required in the 1st-stage turbine
blade. Furthermore, the high turbine performance requirements necessitated
a low leakage seal between the first and second turbine stages. To satisfy
this requirement, the seal was located at the minimum possible diameter to
obtain a minimum flow area at the labyrinth (figure 9). This configuration
exposes the rearward side (cavity ®) of the 1st-stage turbine disk to a

BIIH-14
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low pressure (as compared to the front side). This condition results in a
predominant rearward net force on the rotor. To offset the forward thrust
of the high rotor, cavity Q (aft of the 8th-stage disk) is vented throughI
the high compressor diffuser struts to cavity @ (between the gas generator

fand the inner fan duct liners). At all flight conditions, the pressure in
cavity ® is essentially equal to the pressure in cavity ® in front of

Sthe high compressor. Thus, this configuration gives a balanced-piston
effect on the high compressor rotor.

The final thrust bearing load map (bearing thrust vs Mach No. and alti-
Sarude) for the high and low rotor is given in figures 11 and 12, respectively.

No reversal in the load direction is expected with the present bearing
system.

[ I Engine At Full Power

Loads Act Forward Bon 30

-70

z 60 .' .- "5o
50

E-

F 10

I\Lockheed 
t .

1 0 0.0 0.5 1LO 1.5 2.0 2.5 3.0

~ FLIGHT MACH NUMBER

Figure 11. No. I Thrust Bearing Load Map FD 16375
-[ BIIH
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.90 Engine at Full Power

Lockheed., -, !

Loads Act Rearward 3000ng

70"
"I40

50 - / 7--

4-

~30C

I01 </',
de /%.Boeing0

10f Lockheed.. / z-/

0 0.5 1.0 1.5 2.0 2.5 3.0

FLIGHT MACH NUMBER

Figure 12. No. 2 Thrust Bearing Load Map FD 16376
BIIH

Testing of the J58 has verified the bearing load calculation procedure
described above. Two methods of verifying rotor thrust were used in the

J58. In the first method, measured chamber pressures and temperatures were
used to verify calculated values. The second method uses a calibrated
thrust ring built into the bearing stackup. This ring has a direct readout
of axial bearing loads. In addition to development testing, the J58 engine
was also equipped to verify the bearing load on each production engine by
recording critical engine pressures. This same system has been incorporated

in the JTF17.

(3) Cooling Flow System

The cooling system (figure 9) has three major souz-ces of cooling air:

1. Air from 4th-stage compressor stator is used for cooling
the high compressor bores

2. High compressor discharge air is used for cooling the
turbine

3. Fan discharge air is used for cooling the fan disks.

These three cooling flow sources act independently, and provide the
pressure-temperature levels neede-d to m•ee internal engine cooling require-
ments. These flow sources for the respective engine component, fan, high
compressor, and turbine, are as follows.

BIlH-16
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(a) Fan Cooling

F' The cooling air is supplied from the fan discharge. This flow is re-
L quired to prevent large temperature gradients in the fan disks.

(b) Compressor Cooling"

Compressor disk 'cooling flow is supplied from the 4th-stage compressor
stator root. The flow enters a series of radial flow tubes located between
the 4th- and 5th-stage disks. These tubes create a. "reverse pump" action
L(forced vortex) that is required to establish a compressor bore pressure
high enough to satisfy the disk cooling requirements. If a free vortex
"were permitted to exit at this point, a lower static pressure would result,
requiring tap-off from a higher stage, with resulting higher temperature
air and poorer cooling.

!I
After leav ng the radial tubes, cooling flow is forced over the 5th-

through 8th-st ge disks by an annular bore tube. The flow then enters the

inner region o• the bore tube and flows forward through the high rotor hub
into an annular passage through the intermediate case, and through struts
to the fan cavity region. This flow path is required to assure minimum
outflow forward of the 3rd-stage compressor. The bore tube leakage flow
into cavity ® (figure 9).is controlled by a four-lip labyrinth seal locatedU ata small radius.

(c) Turbine Cooling

Proper turbine cooling requires air at the maximum available engine
pressure. This is required for optimum cooling of the 1st-stage turbine
blade as explained in paragraph C of this sectioa (Turbine).

The turbine-cooling air is supplied through orifices in the inner
burner case to a chamber forward of the 1st-stage turbine disk. From thisL chamber, air is directed to the disk rim for cooling the Ist-stage turbine
blades, and through the high rotor hub orifices for cooling the 2nd-stage

blades and low rotor disks. A small amount of the air from this chamber
leaks across a three-lip labyrinth seal. This leakage air flows into the
main gas stream forward of the 1st-stage blades. Minimum leakage through
these seals is achieved by maintaining small seal flow areas. These areas
are held to a minimum through the design of "thermally responsive" seals
and placing the seal at the minimum diameter possible. A seal is said to
be "thermally responsive" when the knife edges and lands are located far
enough away from their supporting members (disks) so that the radial thermal
growth is only a function of local air temperature and is not influenced
by the attachment growth.

The bore tube arrangement for the high compressor provides a unique
benefit in that the compressor cooling system is completely independent
of any air source other than the 4th-stage stator air, and can be in-[ creased or decreased, if required, to obtain lower or higher airflows
without affecting the engine thrust balance system or the cooling flows
of other engine components.

[
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S~The stationary parts of the turbine (the Ist-, 2nd-, and 3rd-stage
vanes) are cooled by ducting high compressor discharge air past the out-

side of the burner section. This air is metered to each vane at the
turbine case. The turbine section of this report explains this system

• in detail.

5. Windmilling Thrust Balance Load Analysis

a. Description

A windmill brake located in front of the high compressor is incorporated
into the engine design. A detailed description of this brake and its opera-
tion is presented in paragraph A of this section. Briefly stated, however,
its function is to reduce the engine rpm during windmilling.

A thorough analysis was made of the thrust balance loads both with

and without the windmilling brake and these results are presented below.

b. Results of Load Analysis

The engine thrust balance analysis-for windmill operation, both with
and without the brake, indicates that the thrust load on the bearings will
approach zero. This means that bearing skidding can be expected to occur.
However, based on our experience with the J58, this skidding at 2000 rpm
(the maximum speed expected for either rotor with the brake applied) will
not be detrimental to the bearings. Damaged bearings would be expected
if skidding occurred at nonbraked windmill conditions

6. Vibration Characteristics

a. Description

Careful attention has been given to engine vibration resulting from
the interaction of the rotating and stationary structure since this is
one of the primary causes of premature engine removal. Problems that
result from excessive engine vibration include: (1) metal fatigue, (2) wear
of mating surfaces, (3) contact between rotating and stationary engine
parts, and (4) loosening or separation of mechanical joints. Aircraft I
structural vibration may also be excited by exccssively rough engine
operation.

b. Design Objective i
The design objective of the engine vibration analysis is to ensure low

shaft bending excitation and a minimum amplitude for engine case vibration.
Furthermore, particular attention is given to individual part design to
minimize expensive and time consuming rework due to excessive vibration
at initial new engine assembly, and at initial assembly after overhaul. U:
c. Design Requirements

The attainment of optimum engine vibration characteristics requires E.,
careful consideration of the desired engine performance, assembly methods,
and overall engine size. Major factors desired are an adequate rotor
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critical speed margin and an engine having minimum weight. This must be S~achieved with various restrictions on the design such as those listed
, •.• ~below: a astruhi

1. Low rotor shaft must have a diameter which will pass through
the No. 3 bearing compartment to permit removal of the low
rotor turbine assembly with minimum engine teardown[7 2. Hole diameter through which the'Iow-rotolhi mhust pass is
limited by No. 3 bearing design requirements (refer to para-

* f" graph G of this section, Seals and Bearings)

3. Shafts must be capable of withstanding 10% blade loss from
any single compressor or turbine stage.

d. Design Criteria

F Operational vibration limits set for the JTFI7 when airframe mounted
[ are:

I 1. Single amplitude excitation should not exceed 1.5 mils on4 • the intermediate and duct heater case
t 2. Single amplitude excitation should not exceed 2 mils on

the fan inlet
3. Each shaft rigid bearing critical speed should be at least

20% above the maximum design speed.

Se. Design Approach

S(1) General

The design analysis of engine vibration is an evaluation of the severity
of vibration that will be encountered at various engine operating condi-

SF tions accounting for the natural modes of vibration and the excitation
{ L that will result from residual unbalance. Engine vibration amplitude is

usually maximum at a critical speed where an engine rotor turns at cneed
that is equal to any of the family-of engine natural frequencies. J.c
rotor is imperfectly balanced, it is bowed by a load that rotate-, ;iI
the rotor unbalance. Engine vibration is excited by the centrifu'tl )oad
acting on the bowed rotor. The nonrotating engine structure and n-.n-

I- [ resonant rotor in a twin-spool engine are subject to vibratory loads,

while the resonant rotor is subjected to simple bending related to initial
vnbalance. The amplitude of engine vibration and rotor bow are limitedr. by rotor stiffness and the damping provided by the friction forces acting

to resist vibratory motion of mechanically joined parts of the engine
static structure.

The 20% margin required on rigid bearing critical speed provides shaft
stiffness that is insensitive to residual rotor unbalance because amplifi-
cation of shaft bending is kept to a minimum. Further advantages of
~ [ adhering to a 207. margin are that rotors are stable under unsymmetric
pressure loading. Circumferential variatiins in radial pressure on labyrinth
seals or on rotor stages, caused by slight out-of-roundness of lands and

L • BIIH-19
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shrouds, cannot then cause unstable rotor whirl. Axial pressure fluctua-
tions over part of the flow annulus, in the event of surge, produce
negligible shaft deflection. I
(2) Rotors

1 In the JTF17, the high-speed and low-speed rotors are the exciting j
mechanisms that cause rotary loads on the bearings. Each rotor is sup-
ported by two bearings, which eliminates the inherent alignment diffi-
culties associated with three-bearing supported rotors. This alignment
has been a primary factor in excessive unbalance and premature engine I
removal in past engines. The two bearing system eliminates rotating
forces produced by a misaligned three bearing system.

The short engine design, coupled with the gyroscopic stiffening inherent
in the large diameter fan, results in a lightweight and stiff low-speed
rotor. Similarly, the high-speed rotor shaft is light and stiff because
of the short distance between bearings and the gyroscopic stiffening [
resulting from the overhung turbine.

The advantage of a stiff rotor is that it is relatively insensitive to [
residual rotor unbalance. Minimal rotor excitation results because of
small rotor bending. Therefore, the total unbalance is primarily a function
of initial unbalance, which can be controlled by close machining tolerances iI
and balancing of the rotor disks, shaft, and rotor assembly.

The stiff rotor concepts utilized in the JTFI7 engine design have been
demonstrated on advanced development engines, such as the JTFI4C, JTFl4F,
and the JTF17 initial test engines. In addition, the stif. rotor concept
is employed in the compressors for PSWA JT3, JT3D and JT4 commercial engines.
These engines have proved this concept through millions of hours of ser-
vice operation. All parts that comprise the primary rotor structure are
provided with positive radial pilots and torsional restraints, and are held
together by a number of uniformly loaded tie rods that ensure adequate
clamping action. Critical joints in the rotor assemblies are seated (with
the multi-tie rod construction) prior to balancing. Proper seating and
the clamping action provided by the tie rods ensures that there is no
shift in the relative position of adjacent parts during engine operation.
Even with removal and replacement of the fan section, balance is maintained,
because the fan section is dynamically balanced as a separate package.

(3) Bearings and Supports

The engine rotors are supported on three separate bearing support
structures. The intermediate case supports both thrust bearings. The
high-rotor i-ear bearing structure is supported from the primary gas
generator diffuser case, and the low-rotor bearing is supported by struts
in'the turbine exhaust case. The bearing support structures transmit
shaft loads to the primary gas generator cases.

The intermediate case support struts and primary gas generator aft
support transmit loads to the outer case. The aft support provides addi-

tional stiffness to the primary gas generator case with ;-he advantage of
frictionally damping vibratory loads.
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The bearing support structures are sized to adjust critical speeds away
from speed ranges at which long time operation occurs. No critical speeds
occur in the cruise ranges of the rotors. Critical speeds do exist within
the operating range) but are of short duration and have low shaft bending
and high damping from the cr•s. The No. 4 bearing support is an example
of design that considers vibration. Figure 13 shows the No. 4 bearing
support that has been designed with a slotted cylinder spring integral with
the structure, that is relatively flexible, in order to reduce both shaft
bending and the transmission of vibration.

[

[

[ EFxit Guide Van".

Figure 13. No. 4 Bearing Support FD 16388
BIIH

(4) Overall Engine Vibratory Mode Shapes

In the calculation of the critical speeds, a lumped parameter analysis

is used that incorporates the Timoshenko differential equations for a rotatingshaft together with the Prohl method of integration to derive sets of dif-

ference equations. The complete engine and mount structure, as shown
schematically in figure 14 is accurately represented. Solution of the
d• fference equations yields the natural frequencies (critical speeds)[ that are used to compute the normalized deflection curves (mode shapes).

E
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Figure 14. JTFl7e Schematic Digram for Critical FD 16372

The various modes of vibration for the engine are illustrated in fig-
ures 15 through 25. These modes consist of the rigid body modes (fig- [
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Figure 16. JTF1I7 Critical Speeds for Primary Gas FD 16975

Generator Pitching Out of Phase with BIUREngine Outer Case[

ngeEngine Outer Case

Ei.9aHigh Rotorto

0 0 100 150--, 200

I Primary Engine Cass

[Figure 17. JTFI7 Critical Speeds for Pitching FD 16976
Engine on Stand Mount BIT-

[



Praft &Whfttey Aircraft [1PW& IP 66-100

Volume III Srpm 490

Engine Outer Case A
a Rotor

Axial[

BendingLngt in.e ubieSh

Primary Engine Case

Figure 18. JTFI7 Critical Speeds for First Bending FD 16977
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Figure 21. JTF17 Critical Speeds for Fan Mode FD 16930
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iigure 23. JTF17 Critical Speeds for Second FD 16982
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Figure 24. JTFI7 Critical Speeds for Second FD 16983
Bending of Engine Outer Case 
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Figure 25. Engine Response to Maximum Fan FD 169844Unbalance BIIH

The rigid body modes are characterized by little or no bending of
any part of the engine rotor and frame. The first mode is pitching and
bouncing of the engine on its support structure. The second mode consists

of the primary gas generator moving out-of-ph1ase with the main engine case.
The third mode is pitching of the engine on the engine mount system. It
is doubtful that these modes could be excited strongly enough to be

identifiable unless very large unbalances are added to the rotors. These
mount modes are never troublesome because they are encountered at low

engine operating spe-Is. The fourth mode (4940 rpm) consists of first
bending of the entire engine case and, therefore, is not affected by

rotor changes. The large amount of case damping in this mode effectively
"suppresses any response in this mode.

[The fifth mode (5400 rpm) consists of low rotor bending and turbine

bounce, and is placed below the cruise range of the low rotor. The sixth
mode is placed above cruise at 6050 rpm. in this mode the turbine is

moving out-of-phase with the primary gas generator case. The No. 4 bearing

support stiffness is the prime factor in determining the speeds and amount

of rotor bending in the fifth and sixth modes. The support stiffness of the

No. 4 bearing support was established at 325,000 pounds per inch, which

keeps rotor bending well within acceptable levels.

The seventh mode (fan mode) occurs at 7450 rpm. This -ode will not

be excited because it is above the low-rotor range. The high compressor
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mt-de (eight) at 8050 rpn is placed below the cruise range of the high 1
rotor (8200 to 8700 rpm) and above loiter rpm of 7300. It is characterized
by bending of the high compressor and pitching about the No. 3 bearing. i

The ninth and tenth modes are second engine case bending. They differ
in that the ninth has the engine external structure and the gas generator
cases in phase, whereas in the tenth, the inner and outer engine cases are.
out..of-phase. Negligible excitation is expected in these modes because !
the high rotor has small bending content relative to the cases. Alto,
the case damping is large for these modes. E

Vibratory response of the engine cases to the maximum possible fan
unbalance, calculated using the worst assembly tolerance stackup, is shown
in figure 25. These vibration amplitudes are calculated by means of a
modal analysis. Contribution of each natural mode of vibration is cal-
culated using damping coefficients set to equal amplifications aZ resonance,
ranging from 5 for well-damped modes to 2? for poorly damped modes. The
resultant amplitudes of the engine cases dre much lower than the allowable
limits which are given in the design criteria of this section. It can be
concluded that the JTF17 has very low sensitivity to unbalance. [
7. Field Innpection and Repair Capability

The maintainability plan, Volume IV, Report F, Section I, of this
proposal, discusses in detail the Inspection and repair features of the I
JTFI7 engine. Adequate external access to frequently inspected ite-is and
modular construction for unit disassembly and replacement are provided.
The size of each module was determined by handling requirements (weight C
and size) and the most ,onvenient way of exposing those parts that are
most likely to need repair.

a. Inspection Provisions

Features are incorporated into the design to allow detection or
evaluation -," damaged parts without engine disassembly, and al'o to allow
access for borescope and radioisotope inspection. Ccmponents such as
filters, screens, and magnetic plugs are given special attention, since
they need to be readily accessible. These features are available to C
maintenance personnel with the engine installed in the aircraft, and are

located as follows.

(1) Filters

I. Main fuel pump inlet line
2. Fuel control inlet line L
3. Hydraulic discharge line
4. Oil tank. [

(2) Screens

Located in the fuel pump interstage bypa:>, [
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U (3) Magnetic Plugs

Provisions have been made for installation by the airline companies,
if they desire, of magnetic chip detector plugs in the following locations:

1. Main oil filterI 2. No. I and 2 bearing compartment Bumpsi 3. Ma~in gearbox

4. Oil pump gearbox
5. Accessory drive overboard drain

6. Oil tank.

r (4) Borescope Inspection

1. Access is provided at each stator stage of the high com-
pressor at the bottom centerline providing for inspection
of leading and trailing edges of all high compressor
blades

2. Each igniter hole of the primary burner is readily accessible
to provide for inspection of the burner, fuel nozzles, and
leading edges of Ist-stage turbine vanes

3. Borescope inspection is provided in front of the 1st- and
i 2nd-stage turbine vanes - at the bottom centerline-

providing for inspection of the leading edges of these
blades.

No special provisions were made for inspection of the blades and vanes
of the fan stages or the last turbine stage, since these components are
accessible through the engine inlet and exhaust openings. Binoculars,
or physical entry into the inlet and exhaust ducting, will be required
for detailed inspection of these parts.,

4 The rotor can be turned to allow inspection of each blade in a stage
from a single access point by a device in the main gearbox.

Mockups of both flexible and rigid borescopes were built to aid in
.4 evaluating viewing capability and removal and replacement of borescope

access plugs in the high compressor and turbine cases. These studies re-
sulted in a special tool that keeps the plugs captive during inspection[ and precludes the possibility of losing them inside the engine. A com-

1. plete description of these studies is given in Volume IV, Report F,
Section I (Maintainability), of this proposal.

(5) Radioisotope Inspection

The low rotor shaft provides access for the radiographic equipment.[This feature allows the inspection of any suspected problem areas in
the internal components of the engine.

SRadioisotope inspection of the engine is expected to be a primary
factor, along with borescope and in-flight recording systems, permitting

the elimination of the current TBO system of engine overhaul. Toward[ •this end, P&WA has p-trchased radioisotope equi-mernt and is currently
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developing an inspection standard which can be employed by the airlines.
To accelerate this task, P&WA personnel have studied the radiographic
facilities that are currently in operation at Wright Air Development
Center, Eastern Airlines, and the United Aircraft Corporation Research I
Laboratories. The UAC Research Laboratories have been active in developing
the improved techniques currently employed on several P&WA commercial
engines.

Techniques developed to date have been employed during Phase II-C
to evaluate the condition of the compressor, turbine, and burner after
each engine operation. On one occasion, the reason for an engine malfunc- 1
tion was completely diagnosed by this inspection. Normally, a complete
engine teardown would have been required to define the exact problem.
Furthermorm., these inspections were conducted without the removal of the
engine from the test stand.

b. Repair Capabilities U
The engine design has been tailored to provide access, with a minimum

of teardown, to those parts that are most likely to need maintenance.
Airline records on all existing PSWA engines were reviewed to determine
the areas that needed the most maintenance time in the past. These studies
were coordinated with several airlines in an effort to ensure that all
repairs were consistent with their facilities and anticipated turnaround
times. Wherever practical, repairs are completed with the engine installed
on the airframe. Unitized component construction facilitates repairs.
A brief description of the SST engine repair features is given below.
They are separated into two groups; repairs on an airframe-installed
engine avd repairs requiring engine removal from the airframe. Some of
the repairs that are performed on the engine while it is installed in
the airframe may require disassembly of airframe components. 1
(1) Engine Installed in Airframe

Fan Blades - Any number of blades in either the first or second stage
can-be removed and replaced. Moment-weighted blades are used to preserve
rotor balance. Mechanical fixture attachment points are provided on Ist-
stage blade shrouds to facilitate rotor and stator removal as a unit. 1.

Far, Rotor Belts - In the event of thread damage during assembly of
the 1st- and 2nd-stage fan disks, any of these bolts can be replaced by
removal of the fan stages only. This repair is accomplished.without 1
disturbing the No. 1 bearing compartment.

Fan Assembly - A special technique for assembling the fan outer case E
to the intermediate case permits removal of the entire fan without further
engine disassembly.

Fan Stator Vanes - Separate mechanical attachment ot vanes allows re- I
placement of these parts.

Turbine Exhaust Probes, Harness, and Junction Boxes - The probes are
designed for removal through the exhaust duct. The harness and the junc-
tion box used for the exhaust temperature measuring equipment are mounted
on the exhaust duct nozzle and can be replaced after removal of the inner
duct liner.
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Primary Burner and Turbine - Past experience indicates ctat the

burner, transition ducts, and lst-stage turbine nozzles require easy
jaccess for Inspection and repair. Access to these parts requires removal

of the reverser-suppressor and the primary burner case. This case is
segmented and can be removed without disassembling the turbine section.
The transition ducts are also segmented to racilitate removal. The vanes
are then exposed for inspection and replacement if required.

Start Bleed Valves, Primary Fuel Nozzles, and Manifold - These assemb-
lies are accessible through eight access ports on the fan diffuser case.
These ports expose the attach points on the gas generator. The fuel man-
ifold is assembled in sections to permit replacement of any one section
without removing the entire manifold.

Duct Heater Secondary Fuel Injectors, Duct Heater Secondary Combustion
Turbulators, and Outer Duct Heater Liner - Replacement or repair of each

f of these units requires the removal of the reverser-suppressor and the
V• portion of the duct heater aft of the rear engine mount. Each component

is in segments and is individually replaceable with a minimum of main-
f [tenance time and cost.

Duct Heater - Removal of the reverser-suppressor and the portion of

the duct heater aft of the rear engine mount is required for access to
this assembly. Repairs can be accomplished by removing the heater from
the engine. Replacement of the heater is facilitated by removing the
two igniters and the eight burner retaining pins. This design eliminates
the necessity of removing the Zone I fuel nozzles to permit burner replace-

ment.

Duct Heater Fuel Nozzles - These nozzles and manifolds are accessible
from the outside of the engine. Individual nozzle replacement is possible.

Primary Burner and Duct Heaters Igniters - These items will require
a minimum of inspection and replacement time. The four spark igniters,
two in the duct heater and two in the primary burner, are located on the
outside of the bottom half of the engine. This feature provides the mostLi convenient access for maintenance perscnnel...

Bearing Compartment Scavenge Pumps - The pumps for compartments 1,
2, and 3 are mounted on the outside of the engine and are completely
accessible. The pump for compartment No. 4 is inside the engine, but is
accessible through the engine tail pipe.

Engine Controls - All controls are mounted to permit removal of any[ one individual control without disturbing the remaining components. Quick-
disconnect features are designed into control attachment points to reduce
maintenance and replacement time. The plumbing to each control can be[ disconnected from the unit without removal of the plumbing from the engine.
Controls weighing 45 pounds or more have handling provisions to assist in
removal.
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(2) Engine Removed From Airframe

'Splitter Nose In Fan Section - This part is of riveted construction .
for easy replacement. The fan removal feature, previously discussed, Ii
makes this part accessible for repair.

Low Turbine Assembly - This assembly consisting of the 3rd-stage
turbine disk, blades, and shaft, is balanced as a complete unit and can
be removed and replaced as a complete unit. Present commercial engines,
with the exception of the JT9D, require. a stage-by-stage reassembly in the
engine after prior balance of the rotating assembly as a separate unit.
This latter procedure requires precise reassembly of the prebalanced unit
to obtain an acceptable final balance.

All low turbine blades are moment-weighted to facilitate replacement
without rebalancing the assembly.

Rotor Bearings No. 1, 2, and 4: Carbon Seals; Seal Plates; and N2
Drive Gear - Several features were included in the design of these com-
partments to allow replacement of all critical parts. The bearing races
are provided with puller grooves and bolted flanges. These features
reduce the time required for replacement. The flanged races are retained
with standard bolts and lock wire. This system eliminates the spanner nut
retention previously used, and its attendant torquing requirements. The
need for spanner nut wrenches is also eliminated. The design of the
intermediate case now allows removal of the N2 tower shaft drive gear
train and the No. 2 bearing and seals. With the current configuration i
and the fan rotor removal feature, the No. 1 bearing and seal, the N2 drive
gear, and the No. 2 bearing and seal can be removed through the forward
end of the intermediate case without further engine disassembly.

Modular assembly aids access to the No. 3 bearing. This access is
provided by the removal of the duct heater assembly, inner duct heater
liners, and the low and high turbine assemblies.

The No. 4 bearing and seal can be removed rearward through the exhaust
end of the engine. The design incorporates featureo for removing the
center body cone, oil inlet, and scavenge drain line3 through the exhaust.
This procedure minimizes the engine teardown required to provide access
to this area. [

Fixtures have been designed to support the rotor during bearing
removal to prevent damaging the blade tips. If desired by the airlines,
the repairs described above can be performed with the engine installed
in the aircraft.

8. Features To Extend the Service Life of the Engine Structure

Wherever possible, those features that have been instrumental in
extending TBO times in the current P&WA commerical, military, and indus-
trial engines, have been incorporated in the JTF17 design•.
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These features include design concepts that-utilize the advantages
of the fan configuration, minimize damage to surfaces due to vibration,
ure replaceable sleeves and liners, employ surface peening and coatings,
and use metallurgical improvements. A brief description of the use of
these items in the JTF17 is given below.

[ a. Design Concepts

[ (1) Duct Heating Fan Configuration

Utilization of a heater in the fan duct for augmentation results
in a lower operating temperature of the augmentation system parts as
compared to an afterburning turbojet. Lower temperature reduces maximum
metal temperature, thereby increasing engine life.

[ (2) Case-Supported Segmented Liner Construction

This configuration permits the use of a tension-membrane structure
as illustrated in paragraph D of this Section (Duct Heater). It is used
in the primary combustor and in the duct heater liners. The practicalU. application of this type of structure was proven through several years
of experimental liner investigations during the J58 engine development
program. This new concept, which resists the pressure load by membrane
forces, provided a lightweight design that has no known life limit.

fjj (3) Minimizing Vibration Excitation

In general, engine components are designed to eliminate vibration
excitations in the natural frequency range. Fan and turbine blade damping
methods are based on configurations proven to be reliable in the J58,
JTSD, and JT3D engines. Part-span shrouds, tip shrouds, and airfoil
platform damper weights (friction type) are used where required to
minimize vibration. -

(4) Material Surface Conditioning

[ Past engine development programs have shown that surface conditinning
is required in certain types of jet engine hardware. Compressor and tur-
bine blade attachments, airfoils of the turbine blades and vanes, and
friction damping surfaces are those generally requiring special treatment.
Typical applications in the JTF17 are as follows:

1. Shot Peening - Compressor and turbine blade roots

2. Glass - Bead Peening

j a. Complete fan blades (airfoil and attachment)

b. High compressor airfoils

I
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3. Coatings

a. Turbine vanes and blades are coated for erosion protection U
b. Compressor and turbine blade dampers are hard faced

c. High compressor blade attachments are lubricated (silver [K
plate) E

d. Fan blade attachments are lubricated (graphite varnish)

e. Bolt threads are usually lubricated by silver plating E
or applied lubricants to improve reusability

(5) Metallurgical Improvements

The metallurgical advances antic ip ted in the near future are being
considered in predicting the growth po;tentIal and projected life for
the JTFI7. The recentý development by 4WA of the single-crystal turbine
(MONOCRYSTALOYTM) blade will definitel contribute toward extending the
service life of this engine. In testing to date, this material has
shown excellent thermal shock properties. It has withstood 2400 thermal L
shock cycles, where the metal temperature is increased from 70°F to 2200OF
at a rate exceeding that expected in normal operation, with no failures.
This material is undergoing test evaluation in both the J58 and TF30
engines.
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I. LINES AND FITTINGS

[ 1. Description

The designs of the lines, fittings and associated hardware used in the
JTF17 engine fuel, oil, hydraulic and air systems are based directly on J58

F experience. The J58 engine is currently in service operation and has ac-
L cumulated many hours of sustained flight operation at speeds above Mach 3.

The operational environment is more severe than that which will be encountered
F• in the SST aircraft. Maintainable fluid lines and hardware concepts were

L developed to operate satisf2ctorily in this environment during the J58
program. These concepts, which have been proven satisfactory by service
experience, are used in the JTF17 design.

The JTF17 engine piping systems consist of fuel, hydraulic, lubrication,
air systems and signal lines. These lines conduct fluids and pressures from
one section of the engine to another. The arrangement of the lines and fittings
is shown in figures 3, 4, 6, and 7 in Section I, Introduction. Stresses,
clamping locations and routings are established by extensive calculations
made by high speed digital computer programs which were developed for the
J58 engine. Such programs are used for all fluid systems, and provide a
quick and accurate means of routing tubes for the best compromise of short
lengths, while maintaining sufficient flexibility to keep stresses low and
uniform throughout the tube. The lines are designed with support brackets
located to keep tube resonant frequencies well above any engine frequencies
and with routes designed for easy access to inspection ports, ease of engine
section removal and easy replacement of external components.

Integral tube connectors are used extensively to ensure maximum tubing
system reliability. These connectors were developed during the J58 program
and are machined as an integral part of the tube to provide maximum fatigue
strength and minimum cost. Experience has shown this design to be superior
to tubes with brazed fittings, and therefore brazed connections or ferrules
are not used on the JTF17 engine. Problems associated with stress concentra-

tion and low fatigue characteristics of the braze fillet, and the inherent
inability to assure complete and positive braze by any developed inspection
methods make the brazed ferrule approach undesirable for this application.

Two types of connectors are used in the JTFl7 engine. These are integral
ferrule AN type threaded joints using a standard nut-tube coupling arrange-

ment as shown in figure 1, and bolted flange joints using metallic face
seals as shown in figure 2. These joints have been developed to a very high
level of reliability and low incidence of leakage on the J58 engine. This
reliability is due to the wide use of the integral connector design and to
the excellent performance of the seals used. Th& Chreaded connector joint
utilizes a thin nickel gasket between the ferrule and connectnr and the I
flange connectors incorporate Inconel X "K" seals, both of which have excel-
lent thermal shock capabilities.

A major development program is in progress at FRDC to develop titanium
tubing for possible future use on the JTF17 engine. The low values of modulus
of elasticity and density will effect a substantial weight and space savings.
The program includes the manufacture of integral upset end fittings, and
fatigue testing at elevated temperatures and pressures to tetermine design
values that will ensure reliability equal to currantly used materials.

Bl I-I
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Integral Coupling ut-Tube Couling

[1GasketTube

Figure 1. Integral Ferrule Joint With FD 12336
Sealing Gasket BII L

B .j xB[

View A
EnlargedL

-Flangs7

Spring Gasket Section B-B

Figure 2. Metallic Static Face Seal For Joints FD 12338
Subjected to High Thermal Shock BII

2. Objectives and Requirements

The design objectives for engine lines and fittings are to provide durable, "

low-:Lressed tubing to conduct fluids and pressures from one section of the
engine to another idthout leakage. The tubes are routed to provide complete
accessibility, 4or removal of engine components and access covers. with zero

BII 1-2
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leakage connect points that permit optimum engine maintenince and foolproof
assembly. The tubes are designed for easy maintenance and inexpensive
fabrication and with adequate support to keep resonant frequencies well
above engine operating frequencies.

Specific objectives and requirements are:

1. Each tube is designed for its specific application, i.e., 47
function and environment, with a usable life that is consistent
with 50,000 hours aircraft life and with 10,000 hours engine
TBO without major repair.

2. Stresses associated with differential expansion and contraction
of various parts of the engine during steady-state and transient
operation must be kept within acceptable limits through proper
routing and support arrangements.

3. Tubes are routed to ensure a nominal clearance envelope of
0.500 inch between engine components and other tubes. A
clearance of 1.000 inch nominal is maintained adjacent to
airframe struccure.

4. Fuel and oil supply lines must function satisfactorily in
ambient temperatures from -655F to 700aF and fluid tem-
perature to 400tF maximum.

5. Air lines, including breather and signal lines,and fluid
lines that are drained during part of the flight envelope
must withstand ambient temperatures of 10500F maximum.

3. Design Approach

a. Detailed Description

(1) Tubing

Experience gained from the design of the high Mach number and high
performance J58 engine is being directly applied to the .IT17 engine.
Development engine time in excess of 22,000 hours has been accumulated

on tubing of the type used on the JTF17. Tubing systems for the JTFI7
engine are designed using refined tube computer programs which were
developed in conjunction with the J58 engine project. Two major tube
computer programs are utilized. These are: (1) the tube stress program,
and (2) the tube clearance program.

The procedure outlined in figure 3 demonstrates the approach used
to design engine tubing systems. Each tubing system is analyzed to
determine optimum tube size, wall thickness and tentative routes.

Pump inlet line sizes are designed with a fliid velocity of
6 to 10 ft/sec to prevent cavitation or erosiomn. Tube sizes for the
duct heater fuel system are derived from a maximum allcwable fill time
requirement with resulting velocities and pressure drops in the system
compatible with a pressure requirement at the nozzles. Other systems are

BIT 1-3
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de..g ,nit minimuin rTibe eize vSthin allowable pressure loss .
requi',.* .!nd minimum expirsion lot, letgrh.

1. Analyze Tube Futirtion
2. P-elim;narv Routing on Devel'oped Engine View
3. Preliminary Mockup Routing
4. Plumbing Coordinates via Layout
5. Stress and Frequency Program
6. Interfere.w- r rogram Check
"i. Mockup Fit Check /
8. AcceptAble Design LaYout5

/ [7

Figure 3. P&WA Tube Design Process FD 17001 1
BII L

Tul. wall thicknesses that have been established for the JTF17 engine
are as follows: F

Tube Size Maximum Operating Basic Wall
(Outside Dia, in.) Pressure. psi Thickness, in. r

Up to 2.500 Under 1000 0.035

Up to 0.438 Over 1000 0.035

0.500 to 0.688 Over 1000 0.049

0.750 to 1.500 Over 1000 0.065

Tubing routes are checked on engine mockups to provide a visual 3-
dimensional aid for final route selection. Removal of components, ease of
engine mLit;.n.nce with respect to inspection parts, access panels and
ports are considere,, during this phase of tubing design. • i

Tube OD wall thikknesses, coordinates, end points, bracket locations
and final thermal calculntions are input into a tubing computer program
which computes stresses along the tubp length, relative thermal movementz-
at sliding bracket locations, and resonant frequencies between support
points. The tube is redesigned and recomputed, in an iterative process,
until the design requirements of stresses and frequencies are met The
maximum ccmbined hoop, tension and bending design stress is limited to
22,000 psi, providing ample stress margin for tolerances and fatigue stresses
for the material used. Tubing resonant freqiencies are kept above 180 cycles
per second, which is 207. above high rotor frequency. r

BII 1-4
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Tube coordinates 4re input into the tube ceperance program. This com-
puter program verifies final tube clearances with respect to engine cases,
components and other .ubs,. T'e tube clearance programn was used extensively
for checking compati ilit- of advance system designs with existing tubing
and components during the J58 engine development.

SPWA 770 (type 347) material is used for all lines operating at temperatures
less than 8U0 F. AMS 2666 silver braze is used at stard-off locations
to attach standoff collars to tube. Tubes routed in environments over

f 8007F, necessitating high temperature PWA 19 gol? nickel braze at standoff
locationa, are fabricated from PWA 1060 (Inconra) materiat. These tubing
materials were selected because of their "forgiveness" factor, having a
fatigue strength considerably greater than yield strengths. Both PWA 770
(type 347) and PWA 1060 (Inconel) tubing have a 0.2% allowable yield stress
of 30,000 psi and fatigue stress allowable of 36,000 psi at room temperature.

Fittings, adapters and tube nuts are made from AMS 5646 (type 3&)
material. Tubing nuts used in environments under 800F are silver plated,
those above 8000 F are coated with molybdenum disulphide to prevent seizing.

(2) Air Ducts

Air duct lines include the duct heater fuel turbopump air supply, cabin
bleed air ducts, and labyrinth seal vents. These designs are based on
J58 practice, and utilize a vibration damping laminated bellows expansion
joint to compensate for engine thermal growths, and have bolted flanges.
Ducts are fabricited from AMS 5536 (Hastllloy X) material.|I

(3) Integral Connectors

Initial J58 development engine tubing utilized completely brazed "an
engine" connections. Installatiorn accessibility, braze quality, and
maintenance procedures, inherent with the design, proved to be completely
unacceptable and this design was discontir'ued. Mechanical connectors, bidzed
to tube ends replaced the brazed joint to permit quick replacement and
servicing of components. Variations in the fatigue strength of brazed
ferrules attributed to braze fit, fillet size, braze coverage, and brazing
temperature were encountered with this configuration. Because of this
the integral connector design shown in figure I was developed to replace the t

T brazed ferrule, and brazed joints are not used .a the JTIFl7 engine. The
evolution of the integral connector is zhown pictorially in firure 4. The
integral -- nnectcr is prcduced by i upsetExng cne perent tube materi- .nto
a head from which the connector configuration is machined. This design has
proven to be very satisfactory on the J58 engine, and is used eiLensively in
the JTF17 design.

The approximate fatigue strengths of comparable size integral terrules
and brazed ferrules at test conditions of 4500F and 4500 psi internal
pressures are as follows:

Sizes, (in.) Approximate Fatigue Strength (psi) i
Tube and Ferrule Silver-Brazed Ferrule Integral Ferrule

0.375 22,500 32,500
0.500 20,000 to 22,500 30,000
0.750 20,000 to 22,500 25,000
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S- Brazed Connector

[

Mechanicv1 Connector - Brazed [

Mechanical Cannector- Integral [

Figure 4. Rol-ution of Tntaral rnnrt FO 1

The fatigue strength of the integral ferrule is affected only by the
physical configuration of the mach'ned ferrule and the parent tube material.
Although the fatigue strength of the integral ferrule is only slightly r
higher than that of the best brazed joints, the integral ferrule has high
r-i•hiiiry due to the strict quality control that can be exercised over
the only variables, u'setting and machining. The engine experience with [
mechanical connectorL is as follows: L

Engine Experience Hours

Total time 22,476

Total time, integral end fittings 5,208

Total time above 400'F, Tt2 5,870

Total time above 4000F, Tt 2 , integral 2,147

Total hot fuel time above 200°F 3,297

Totai hot fuel time above 200 0 F, integral 1,353

Nickel gaskets, compressed between the ferrule and male connector, are
used at all threaded connector joints. These gaskets, as shown in figure 1, -
were oeveloped in the J58 program and have proven highly successful. These
are used extensivel* in the JTF17 engine.

(4) Bolted Flanges

Bolted flanges with face seals are used on large lines (above 1.25 inches
OD) where the size and weight of the AN type threaded connectors would become
excessive. Spring type "K" seals are used with these flanges. Spring type
"K" seals and bolted flanees are also used on lines whirh -re sulTjected to

BII 1-6
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abrupt thermal changes such as the duct !eater Zone II fuel manifolds which
are subjected to fluid flow after being operated dry in a hot environment
when duct heater augnentition is initiated. This configuration was developed
in the J58 program.

Rn.gLe components such as controls, actuators, etc., utilize threaded
bosses and adapters at tubing connect points. Metal "wye" gaskets are
used hbtw'er :tz bus: •.A .2apter (see figure 5). The tube connection is
made at the adapter, minimizing replacement cost if external threads are
"damaged during tube makeup or component handling. Initial component costs
are also reduced by the elimination of male threads on the housings.

Bonso• AdapterI

x 0

Figure 5. Boss-to-Adapter Joint FD 12337
BII

"Last chance" filters will be used in a number of locations in both
the fuel and oil systems in the JTF17 engine to protect local metering jets,
and serves. The threaded adapters provide an excellent location for these
filters and makes their installation simpler and lighter.

(5) Brackets

Sliding support brackets are used where movement must be allowed to
account for thermal expansion. These brackets arp designed to allow the
tube to move in the direction that reduces the tube stress as the engine
thermals change. Brackets are positioned in the mest accessible locations
with the minimum stress levels. The bushings for the bracket are assemblea
in the bracket slotr with the retainers and are flared as shown in figure 6.
This provides fooli- 3of bracket assemblies for convenient installation and
maintenance.

StdLL% jixed) orackets are used at support points that require no
movement due to thermal growth. These brackets support the tubes and
eliminate vibration. A combination of sliding and static brackets are used
to shift the load from a critical area to a non-critical area of a given
tuhc. Careful consideration of strength and natural vibration frequency
is taken in designing both static and sliding brackets.

BIT 1-7

CONFIDENTIAL



Praftt&Whitney Aircraft CONFIDETIAL
PWA FP 66-100
Volume III

Hard-Coating PWA 44

*• /r.\ :--Sliding Bracket Assembly r

- Double-Tbe Retainer -Single-Tu

~f~)

&uin 'i7- rZýshingi

Figure 6. Sliding Bracket Assembly FD 17710
BIT

The tubing stress program is used to calculate the tube stress at any L

predetermined number of intervals for a particular set of bracket points.
The amount and dirSction of movement i. given for each sliding bracket

poiat. The amount of available movement at any bracket is input and the L
resultant tube stress c4Iculated. The combination of sliding and static
brackets is used to shift the stress from a critical area, i.e., connectors
and component fittings and maintain low uniform stresses throughout the
tube length.

Tube brackets are made of Inconel X (AMS 5542). When fully heat treatc.d, F
,s.e,. brackets nave nkgn strength up to 1500'F and good oxidation and

corrosion resistance up to i8O0BF. The retainers and bushings shown in
figure 6 are made from cobalt base alloys and have good oxidation, ther;l •9
shock, and corrosion resistance up to 1800 0 F. The retainers are cast frcm
Stellite 31 (AMS 5382) to reduce manufacturing cost and the bushings are
machined from L-605 (AMS 5759). The areas of the brackets that are in con-
tact with the sliding retainers and bushings are coated with diffused
aluminum (PWA 44). Latoratory tests and extensive J58 experience have
proved this combination of metals and coatings to have excellent wear life
and strength propertie6 at temperatures equal to or above those on the JTF17. ý7

(o) Clamp

Another feature used on the JTFI7 engine aud developed in conjunction
with the J58 program is the tubing clamp standotf. (See figure 7.) This
standoff eliminates clamp wear on the tube at the point where the clamp
attaches the tube to a static or sliding bracket. The standoff consists
of a three-piece, loose cover that is supported by small tee-shaped colLars
attached to the tube. This design eliminates highly stressed sections at
tubing support points by permitting the tube to flex through thE standoff
iostead of forming a rigid local tube section and dampens the t'ube vibration.
The sleeve sections are lockwired for easy ir.,tallation and disassembly.
Clamps used at standoff locations are modified MS type clamps providing r
thicker cross section and close tolerance inside diameters.

BIT 1-8
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Collar Segment Sleeve Segmentl

For Tube OD up to 3 Required far •1I
0.600 2 Required TuN, Szese7

For Tube OD 0.500
and Larger
3 Required A T b

Section A-A

KA

Lockwire

Figure 7. Tube Support Clamp Standoff FD 12341
BII

The sleeves and collars are made of L-605 (AMS 5537 and AMS 5759) to
obtain the necessary strength and wear properties at elevated temperatures.
The corrugated sleeve sections are manufactured by statuiping, and are light,
inexpensive, and very durable. The collars are brazed to stainless steel
(PWA 770) tubes per AMS 2666 (silver braze), and high temperature Ir.onel
(PWA 1060) tubes - PWA Specification 19 (gold-nickel braze).

(7) Rapid Replacement

Development testing of the J58 engine emphasized the nced for simplified
component removal. This feature has been incorporgted into the ITFl7
engine design and refined to the extent that the unitized control, with its
29 external ports, requires that only three tubing connections and one elec-
trical connection be made to assemble the control on the engine. All other
external connections are accomplished in the pedestal mount plat- as de-
scribed in the Control and Accessories Section of this proposal. (See
Volume ILL, Report B, Section III.) Similarly, the hydrauli, pump requires
two tube connections and the main fuel pump requires but one tube connection
plus the drive pad connecti,_ .-. -r-.-e-ment time for these three components
has been iducea to an estimated one-half hour.

Tubing connections are provided at engine flanges to facilitate
engine section removal. Engine duct nozzle removal, for example, can
be accomplished with eight-tube connectors located at the removal flange.

Systems containing two or more of the same type components such as
nozzle actuators, fuel nozzles, etc., manifolded together, are designed
with "flow-thru" fittings to minimize the number of joints required. The
component then becomes the "tee" in the manifold and eliminates a jumper
tube and two mechanical connections at each manifold on each component.
(See figure 8.) The reduced number of connections and tubes increases
engine reliability and constitute" a weight and cost savings.

BII 1-9
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'Flow Through' Fitting Arrangement

Jumper Tube Arrangment F
Figure 8. Compari-on of "Flowthrough" vs Fl) 17.711

Jumper Tube Piping BII

Main and Zone 1 duct heater fuel nozzle manifolds are designed with
"~flow-thrutI fittings on the nozzle covers in clusters of five, six or
seven covers. The design incorporates tubes with upset ends, similar to
an integral ferrule, providing a thick crosa section at a butt-welded r
joint. (See figure 9.)L

[
r

\VNyzle Cover

Figure 9. Welded "Flow-hrough" Nozzlc Cov:'- FD) 17712
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Fuel nozzle clusters, manifolded in this manner, are flow checked for

uniform fuel distribution required fur efficient burner operation. Line
length, volume and number of mechanical connectors are kept to amlnimum.

K" (P Growth

Development programs in jrogress include titanium tubing and integra_
tube flanged connectors of both steel and titanium. Tests on titanium
are being run to determine tubing stress levels. The low values of modulus

of elasticity and density of titaniuma would effect a substantial weight
and space savings without loss of tube integrity.

Development of the integral tube bolted flange configuration for largtr
size tubes and rher2r:l shuck applications will provide greater over-all
engine reliabilit;.

The design technology used on the JTF17 engine piping systems is based
on more than 22,000 hours of J58 engine stand and flight tescing at
environmental temperatures and hydraulic pressures above cnctt required
for the JTFI7 engine. As the design technology is advanced by continuing
development and flight experience programs, these advances will be in-
corporated into the JTF17 tubing systems design.

b. Materials Summnaryi

Part Name Material Spec. Substantiation of
Material Selection

Tubiag - Wet 347 PWA 770 Fatigue Strength above
Tubing - Dry Inconel PWA 1060 yield strength properties

and corrosion resistance

Tubing - Nut 347 5646 Corrosion resistance

Couplings & Tees 347 5646 Corrosion resistance

Brackets Inconel X AMS 55A2 Strength

Bracket Retainers, Stellite 31 AMS 5382 Wear resistance and cost
CastA

Bracket Bushings L-605 AMS 5759 Wear resistance

Standoff Collar Seg- L-605 AMS 5759 Wear resistance
men t

Standoff Sleeve L-605 AMS 5537 Wear resistance
Segment

Connector Gasket Nickel Ductility

"K" Type Seal Inconel X AM 552 Strength

Wye Gasket Inconel X A IS Strc,7uzth

Till I-ilI
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c. Design Assurance Considerations

(1) Maintainability [
I. Manifolded component tubing to reduce disconnect points for

component replacement (i.e., quick disconnect components"

2. Tubing connectors located at engine flanges to facilitate

engine section removal

3. Boss to tube adapters permit easy replacement of damaged
external threads

4. Access and inspection port accessibility.

(2) Reliability

1. "Integral ferrule" tube connectors
2. "K" seais at thermal shock locations
3. Tubing computer program for low stress levels
4. Tube clamp standoff design lowers stress concentration.
5. Nickel gaskets at all tube connectors L
6. Wear resistant sliding bracket parts
7. Wear resistant clamp standoff collars and covers.

(3) Safety

1. All threaded connectors are safety wired or lock nuts are used
2. See reliability items also. [

(4) Value Engineering

1. Cast bracket retainers
2. Stamped clamp standoff sleeve sections
3. "Integral ferrule" tube connector
4. Boss to tube adapters to minimize thread replacement costs

and initial component costs by eliminating male threads
5. Flow through fittings on components and bosses. [

(5) Human Engineering

1. Non-interchargeability of tubes [
2. Sliding brackets designed to prevent misassembly.

r

r
L
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J. FLIGHT INSTRUMENTATION

1I 1. Introduction and Objective

The JTFl7 engine will be equipped with a well-developed, flight in-[ strumentation system capable of providing accurate and reliable indications of
pertinent engine parameters for airframe readout, ground checkout, and use in
the Airborne Integrated Data System. The accuracy, response rate, and signal

I level characteristics for this instrumentation wsill be coordinated with the
airframe manufacturer and the airline customers during Phase III, to assure
compatibility with the airframe systems and with the engine functions re-

f quiring monitoring. Currently, the JTF17 engine design includes engine in-
| strumentation and provisions for airframe/airline instrumentation as shown

in tables I and 2.

Table 1. JTFI7 Engine Inztrut*ntation

Parameter Indication Component

Turbine Exhaust Pressure (PT7) 0 - 50 psi Your probe* and
averaging manifold

[• Turbine Exhaust Gas Tam-
perature (TT7) 600 - 20000F Nine probes wired for

average and individual
circuits with separate

electrical harnesses

Duct Heater Exhaust Nozzle 3 - 12 sq feet Linear variable
Position (ENPI) (0-7 in stroke) reluctance transducer
Reverser-Suppressor Position Cruise Electrical Switch

Aerodynamic Brake Position Cruise (Start) Electrical SwitchI (Inlet Guide Vanes)

Secondary Air Valve Position Closed Electrical SwitchLi (Boeing only)

Low Rotor Speed (NJ) 0 - 7500 rpm Inductive Pickup

[
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Table 2. JTFI7 Airframe/Airline Instrumentation [
Parameter Provision

High rý4 ur speed tachometer Pad for tach generator at rear of main
gearbox, left side of engine. Pad
speed is 0.513 x high rotor speed (N2 )

Lubricotion oil ta.;.pertura .. Boss in fuel-oil ...- - line, -

right side of engine

Lubrication oil pressure Boss in fuel-oil-couler discharge line, [
right side of engLiae

Primary gas generator fuel Flow meter location is in the fuel line
flow meter downstream of the fuel control dis- [

charge, left side of engine.

Duct heater fuel flow meter Flow meter location is in the fuel line
between the duct heater fuel pump and I
the fuel control inlet, right side of
engine.

Pressure drop across oil strainer Bosses in oil pump housing, right side [
of engine.

Pressure drop across fuel filter Bosses in fuel pump housing, left side
of engine.

Vibration pickup mounting Space provided for a bracket on two
brackets external flanges of the engine, left

side of engine.

Fuel pump inlet pressure Connector on fuel pump housing, left
side of engine.

Fuel pump inlet temperature Connector in fuel pump inlet line,
left side of engine.

Lubrication oil quantity Pad located at top of oil tank, right•
side of engine.

Chip detectors Boss in the No. 1 and No. 2 bearing
compartment oil sump, bottom of U
engine

Boss in gearbox, left side of engine
Boss in gearbox, right side of engine

L

U

I
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The airfrarn/airline instrurmntation components that are selected shall
i be developed in conjunction with the engine and the engine/airframe develop-

ment programs. The selection, development and engine testing of these units11 as components and as part of the engine system shall be conducted in co-
operation with te efrframe contractor and using airlines during Phase III.
"This coordinated effort will provide reliable instrumentation for safe
operation of the engine and for AIDS monitoring of the engine condition to
assure the most economical operation of the SST in airline service.

The flight instrumentation system provides connect points for the airframe
as indicated on the Installation Drawing.

2. Description

The JTF17 engine flight instrumentation components will be of the same
basic design and employ the same operating principles as similar devices
used successfully on other P&WA engines including the TF30 and J58.

The types of sensors and the current state-of-the-art relative to this
type of instrumentation is described in the following paragraphs.

a. Turbine Exhaust Pressure

The turbine exhaust pressure will be obtained by employing four pressure
probes that are manifolded in the gas generator cavity to provide an average
pressure at the external connector on the engine. The probe is a gas averaging
unit with total pressure sampling at eight locations across the radius of the
engine.

{Similar probes have been used successfully on the Phase II-C JTF17 engine
for the individual location pressure measurement.

fb. Turbine Exhaust Gas Temperature

The turbine exhaust gas temperature measurement will be obtained by
employing immersion thermocouples. The gas temperature probe is a gas
aspirating unit which consists of five dual chromel-alumel thermocouples
contained within a streamlined fairing. The five gas sampling stations,
spaced radially on the probe fairing, are designed to measure the average
gas temperature in five equal annular areas in the engine. The engine
design utilizes nine turbine exhaust temperature probes. The five dual
element thermocouples are wired into two separate parallel circuits, thus
providing two output signals for flight deck monitoring and ground check of
the engine flight deck system. The temperature probe utilizes gas aspiration
for rapid response to changes in turbine exhaust gas temperature. This

geometry also allows the thermocouple junction to be shielded inside the
fairing and out of the "line of sight" of the turbine, thereby reducing
radiation effects. The turbine exhaust gas that is aspirated through the
probe is porte" into the engine tail-cone to achieve the required gas flow

7 across the thermocouple elements. The probes featute a "simple-supported-
beam" structural design which provides a considerable reduction of gas bend-
ing stresses and improves the vihretory characteristics of the probe.

BIIJ-3
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The JTF17 exhaust gas thermocouple transmission harness is a flexible
two-piece assembly covered with a braided nickel wire shielding. A junction
box joins the two sections of the harness at the rear of the engine exhaust
case facilitating installation and removal of the harness.

The JTFl7 exhaust gas instrumentation system employs the design refine-
ments developed in the J58 high Mach number program and in the Phase II-C L
program. Special efforts have been made to design the system to eliminate
problems experienced by airline service on current engines. The features
incorporated into the design to meet these goals are:

(1) The installation and removal of the probe through the turbine
exhaust nozzle -- eliminates necessity of removing any engine
part or engine cowling to replace a defective probe.

(2) Simple-beam-support probe configuration -- provides reduction
in gas bending stresses and improves vibratory damping.

(3) Machined-heavy-duty harness eyelets -- provides improved
durability in eyelets and eyelet/leadwire joint.

(4) Improved bracket attachments -- provides tight fit between
bracket and harness during thermals and during normal
installation to avoid chafing.

c. Duct Heater Exhaust Nozzle Position [
The exhaust nozzle area position indicator will use a linear variable

reluctance transducer connected to the duct exhaust nozzle mechanism to
produce an output signal proportional to the duct heater exhaust nozzle
area. This electromagnetic transducer has windings encased in a stainless
steel housing, and a movable magnetic stainless steel rod, which does not
require sliding contacts or moving leads. A fuel cooled unit of this type
has been successfully employed on the Mach 3+ J58 engines. This experience i
will be utilized to develop the JTF17 transducer for accuracy, reliability
and durability. [
d. Position Indicators

The inlet guide vane position, reverser-suppressor position, and secondary
air valve position (Boeing only) will be obtained by the use of mechanically
actuated switches designed for precision operation at elevated temperatures.
The design utilizes a snap action contact that provides increased reliability r
by reduci'g the effect of contact arcing. Switches of this type have been
successfully used on the J58 engine at temperatures that are several hundred
degrees higher than will be experienced on the JTFI7. This high temperature r
experience will be employed to develop the JT717 switch to reliability and L
durability levels consistent with the requirements of commercial service.
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e. Low Rotor Speed (NI)

[Low rotor (fan) speed will be obtained by the use of an inductive pickup
that is located approximately 0.100 inch above the maximum tip thickness
of the second-stage fan blades. This pickup employs the concept known as
"stray magnetic field effect"; therefore, no "return" magnetic circuits or I
paths are necessary. The dynamic discontinuity generated by the fan blades
in the field of the pickup pole piece produces an electrical output. This
output vultage and wave shape requires amplification and shaping by an
amplifier located within 200 feet of the pickup. A diffetential operational
amplifier and an analog or digital readout for this rotor speed are rec-[ ommended.

The inductive pickup output voltage and wave shape are dependent upon
the following characteristics of the interrupting material:

(1) Probe-passing velocity of the blade
(2) Mass or size of the blade
(3) Magnetic properties of the blade
(4) Distance from the pickup

The second-stage fan blades of the JTF17 design will produce the dynamic
discontinuity required by the inductive speed transducer. Laboratory tests
and J58 development experience have indicated that a specially designed low in-
ductive pickup will produce a useful and reliable speed signal when positioned[ above a rotating rotor. A similar low induiLive pickup has been utilized
on Lhe J58 engine as a means of detecting blade flutter. During a laboratory I
test conducted with the J58 pickup, the output signals were routed through
200 feet of standard cable to a Differential Operational Amplifier which[produced a shaped signal of 0 to 20V between speeds of 0 to 30,000 rpm,

The installation provisions Lor these components are further describedSin Report B, Section II, Fan and Turbine Sections, aud Report D, Section I.

F
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A. INTRODUCTION AND BACKGROUND

The Pratt & Whitney Aircraft JTF17 engine for the supersonic transport
is a twin-spool, turbofan engine with thrust augmentation provided by an
advanced design duct burner with a variable exhaust n~ozzle in the fan
discharge duct. The gas generator has a fixed area exhaust nozzle.

The P&WA JTF17 engine control system described in this section is
a hydromechanical system using the computing and metering devices and
main fuel pump common to P&WA commercial engines. The duct augmentation
fuel and exhaust nozzle area control mechanisms and the duct and hy-
draulic fuel pumps have a background of successful supersonic military
application. The gas generator fuel control, the duct fuel control,
and the duct exhaust nozzle area control are packaged in a common
housing (unitized control) and use a common hydromechanical computer
to provide additional simplicity. A rapid replacemint design is pro-
"videA to minimize removal and installation time.

1. Requirements for Prototype & Production Engine tontrol System

A simplified representation of the P&WA JTF17 engine installation
for the supersonic transport showing the controlled variables is shown
in figure 1. The engine control system controls the gas generator fuel
flow, the duct heater fuel flow, the duct heater exhaust nozzle area
to obtain total engine airflow control, compressor bleed position, the
compressor inlet guide vane angle, the engine reverser-suppressor posi-
"tion, and the duct heater fuel pump speed. The engine and the engine
control system are designed to be fully compatible with the airframe
inlet and the inlet control system.
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[ Figure 1. Simplifiled Representation of .JTF17 Fl) 17135
Engine Installation Showing the BIIl
Controlled Variables
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Components have been selected to provide a high degree of relia-
bility to achieve a high mean time between failures (MTBF) and a high
degree of accuracy in order to permit achievement of high time between
overhaul (TBO) on the engine hot section parts as well as achieve minimumL
thrust specific fuel consumptien and maximum aircraft range. Past experi-
ence has been used as a guide to obtain a high degree of durability in
order to achieve high TBO's on the control system components. The system Y
will function satisfactorily, without the use of external cooling, over
the operating envelope of the supersonic transport engine, with its wide
ranges of control inputs and outputs and environmental conditions, as
indicated in the table below.

Mach number 0 to 2.7 continuous
0 to 2.9 transieit U I

Altitude 0 to 80,000 feet
Compressor inlet temperature -65 to 560°F continuous

-65 to 650°F transient
Fuel inlet temperature -40 to 310OF
Control component ambient temnerature -65 to 600°F
Control component ambient air velocity up to 400 fps
Gas generator fuel flow 1200 to 30,t pph r
Duct heater fuel flow 800 to 90,000 pph

The control component engine installation has been designed to provide
serviceability and maintainability; the design of the components permits
replacement of an installed control systems component on a service air-
craft in 30 minutes. L:

The proposed JTF17 control system has been reviewed with Boeing,
Lockheed, the Federal Aviation Agency, the SST Airlines Propulsion
Committ2e, and the Aero Propulsion Laboratory at Wr'ght-Patterson Air

Force Base, and incorporates suggestions from these reviews.

2. Background

The development experience, personnel, and racilities utilized to
develop the control system for the P&WA J58 engine, which is currently
operational above Mn 3, will be used for developing the control system (
proposed for the JTFI7 engine for the Supersonic Transport. The J58
engine installation in supersonic military aircraft has required an
engine control that will withstand a more severe environment than [
that of the SST, as follows:

Mach number 0 to 3 plus
Control component ambient air temp -65 to 8000° plus
Control component ambient air velocities up to 400 fps
Fuel inlet temperature -30 to 3000F
Compressor inlet temperature -65 to 800°F plus

During the J58 developnent program, computer techniques for dynamic
analysis of the complete powerplant system, including the supersonic L
engine air inlet, the air irlet control, the engine, and the engine con-
trol, to previde a completely compatible engine-inlet system were devel-
oped and were used to establish the basic control parameters. As engine
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and flight test results became available, the analytic programs have been
updated, and have served as a valuable diagnostic tool during the flight
test program. A dynamic analysis computer program, based on this J58
experience, has been and will continue to be applied to the JTFI7 engine
installation as a part of the control development program.

Control component hardware experience acquired on the J58 development
program, and which will be applied to the SST program, showed that the
high Mn environment imposed special problems that required special atten-
tion. For example, this experience showed that the fuel control produc-
tion acceptance bench tests required a test with fuel at a temperature
of 450'F to demonstrate accuracy and performance of each control over the
fuel temperature range. Another example is that control schedule shifts
were encountered in flight due to thermal expansion because a common
ground was not provided on certain control linkages. This type of expe-
rience will be applied to the JTF17 to minimize the problems associated
with high Mach number operation.

The component test facilities, test techniques, and test personnel
at FRDC, as established to develop the J58 engine control components,
will be used to develop the SST control components. There are 44
separate component test l enches available at FRDC; 15 of these benches
include capability for sLmulating high Mach number fuel, oil, and/or
ambient temperature. It is planned to use 25 benches for the JTF17
component development program. These benches will be used to test JTFI7
engine components at simulated SST environmental conditions early in
the program, thus permitting early detection and correction of problems
associated with operation at SST flight conditions. (Refer to paragraph
M for a more complete discussion of component bench test facilities.)

The engineering personnel who developed the operational J58 engine
control system will be utilized to develop the JTF17 control system. The
personnel assigned to the JTF17 control program at FRDC have detailed ex-
periencc on the J58 engine control program including development, quali-
fication, production, flight testing, and service.

Commercial experience on turbiie engine control systems has been
and will continue to be thoroughly reviewed and applied, as applicable,
to -he JTF17 control program. Commercial P&WA turbojet and turbofan
engine control systems have accumulated over 39 million hours of oper-
ation to date and are continuing to accumulate time at approximately
1,000,000 hours a month. Time between overhaul (TBO) on the fuel con-
trol is 80d0 hours for American Airlines, 7000 hours for United Air-
lines, 6600 hours for Pan American Airlines, and in the same range for
other airlines. American Airlines demonstrated a reliability of 35,000
hours per premature control removal. The same basic type of control
components will be used for the JTF17 engine with additional design
features aimed at correcting the problems currently being experipnced.

Pratt & Whitney Aircraft maintains a Service Record Department
which keeps complete and comprehensive records of all reported dis-
crepancies which occur in service or at overhaul for both military
and commercial engines. 'hese data are analyzed on a con'inuing basiL
"to show trends, significant problem areas and areas in which corrective
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action is required. Through this means, the accumulated experience of
many millions of hours of operation will be made available to the cog-
nizant JTFI7 design and development groups, both at P&WA and at the
vendors. (Refer to Volume IV, Report F, Section VI, for a more detailed

Sexplanation of this system.) U

Special engineering visits were made by FRDC control personnel to
review current commercial airline control problems as applirable to the
JTFl7 at the airline overhaul bases of United Airlines at San Francisco, r
Trans World Airlines at Kansas City, American Airlines at Tulsa, Eastern r
Airlines at Miami, Pan American Airlines at New York City, and to the
P&WA Turbine Engine Controls and Accersories Maintenance and Overhaul
Conference at Windsor Locks, Connecticut, where 1S domestic and 19
foreign airlines were represented. This liaison will be contiaued
throughout the development of the JTF17 enginr.

Examples of control problems that have been brought out through r
reviews of commercial service records with P&WA Service and comrercial
airlines are: (1) A hard coating was found to be required on relatively
lightly loaded contact areas in fuel :ontrols in order to prevent wear
and schedule shifts; and (2) Forced lubrication of engine drive splines I
for components was required to prevent excessive wear. These are a few
eramples of the des3ign features that will be provided in the JTFI7 com-
ponents as a result of comnmercial experience and background. Other
commercial engine experience as aplied to the JTFI7 control system is
discussed in paragraph D.

P&WA first began studying the engine and control system requirements
for the supersonic transa ,rt in 1961. Control system programs have been
conducted under contract to the Federal Aviation Agency since 1963. These
programs have included analytical. computer, and design studies; concep- _

tual designs; airframe coordination; bench testing of certain critical
components; and operation cf initial experimental JTFI7 engines with[
various control configurations. Over 1600 hours of analytical computer
analysis, 10,800 hours of bench testing, and 3000 hours of engine test-

ing of control components applicable to the JTF17 engine installation
have been accumulated to date. The basic control mode to be used on [ r
the JTF17 engine, the specific parameters to be used, and control sched-
ules for the initial design were established during this program. Sev-
eral vendors for each major control component have been active in the r <
program. This work, as summarized in paragraphs C and L, and the ex-
perience of both P&WA and the active component vendors on current com- t

mercial aircraft and high Mach number military aircraft are the basis
for the control system and control components proposed for the P&WA JTFi7 F
engine. The continued analytical, computer, design, vendor, bench test, L
and engine test programs outlined herein for the proposed control system,
and the engine-inlet tunnel tests and flight test programs of Phase III r
will produce the optimum control system for the JTFI7 engine, with minimum ,
cost and time required for the SST program.

The compaiter programs, which are a very essential requirement in con- 7,
trol system design, are outlined in paragraph C. Detail descriptions and
design and development programs for the major components are included
under the separate paragraphs D through K. Control system failure modes
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and control system effects studies are discussed in paragraph N. Control
reliability, maintainability, service, ari safety programs are discussed
in paragraph 0. Certain advanced technology and growth control concepts
and programs are outlined in paragraph F.

P&WA purchase specifications (component procurement specifications)
for the major control components for the JTF17 engine have been coor-[I dinated with the active vendors, and vendor proposals in response will
Ie received by September in the Phase I1-C program. Vendor proposal
evaluation by P&WA will be completed and vendor selection will be made
during the Phase II-C program. A typical P&WA component purchase spec-
ification for the engine control is provided in paragraph Q.

SA typical production acceptance test procedure for the gas generator
fuel pump is proVided in paragraph R. Component purchase specifications
and production acceptance test definitions for the major control components[ have been prepared and are available for review on request.

P&WA contracts with experienced control system component vendors to
I" design, fabricate and assist with development of the major control system

components in order to utilize the vendor's special background and capa-
bility regarding these components. These capabilities have been developed
by working with PSWA on turbine engine components for over 15 years. In
addition, both vendors now proposing on the unitized fuel and area control
have developed and are supplying fuel controls for the P&WA J58 engine
program, and will use this extensive high Mach number background in the
development of the JTF17 engine control. Two of the pump vendors that
are proposing pump design for the JTF17 engine have also had the benefit
of the J58 development and operational experience. P&WA has an establish-
ed, successful procedure for working with control system component vendors
which follows the project engineer format used on engine development The
performance, design, installation, reliability, maintainability, safety,
quality control, production, and service requirements are defined by the
P&WA component purchase specification. Vendor proposals are evaluated
on the above items and cost and delivery schedules, and a vendor selected
for each component. P&WA Project Engineering coordination and direction
continues through the design, development, and qualification testing
programs. The component parts list that successfully completes bench
testing and engine certification and installation coordination is released
to production. Any subsequent changes are subjected to a formal engineer-
ing change procedure that is defined by P&WA specifications. Such changes\
are developed and substantiated as directed by the P&WA project engineer.
Vendor procedures are discussed in more detail in Volume V, Report C.

1 3. General Description of Control System

The control system proposed for the P&WA JTF17 engine for the super-
sonic transport has the following basic functions:

1. Controls gas generator and duct heater fuel flow, and thereby
engine thrust, between full reverse and maximum duct augmenta-
tion as a function of power lever angle, burner pressure,
compressor rpm, and engine inlet temperatureI
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2. Positions the duct heater exhaust nozzle area to maintain EI
corrected total engine airflow as a function of fan discharge
total end static pressures, compressor rpm, and engine inlet
temperature

NOTE;

Phase II-C computer studies indicated that air inlet control system
- engine control system compatibility requirements could be met without
direct communication links between the two control systems. Refer to
paragraph C. E

3. Provides for operation of the following auxiliary functions:

a. Varies position of compressor inlet stator as a function of

compressor rpm and compressor inlet temperature to obtain
optimum compressor performance for starting, takeoff, and
cruise

b. Opens the compressor bleeds to obtain additional margin for
starting the engine and closes the bleeds for optimum com- F
prevaor performance at higher compressor rpm as a function L
of compressor rpm and engine inlet temperature

c. Positions the reverser-suppressor as a function of power
lever position in the full reverse and the stowed takeoff U
position

d. Controls duct heater fuel pump speed to minimum required to
provide duct heater fuel flow and pressure

4. Prc'-ides the following safety features:

a. Reduces fuel flow in the event of malfunction causing com- -
pressor overspeed and turbine overtemperature

b. Provides failsafe plateaus on the compressor inlet temper-
ature servo and the speed scheduling cam and failsafe con-
torts on the gas generator metering valve to provide safe
operation in the event of failure to extreme positions

c. Provides interlocks to prevent control power lever motion r
to reverse or forward unless reverser is in the correct L
position

d. Provides for automatic duct heater shutoff in the event of
a blow-out (Recycling of power lever to max nonaugmented or [
below, then back to augmented position, is required for duct
heater relight.)

e. Provides immediate reduction of fuel flow to a selected
minimum, which will prevent turbine overtemperature in i
response to burner pressure decay rate in the event of an
inlet unstart or compressor surge

f. Provides redundant compressor inlet temperature sensors and
burner pressure and fan pressure sensors for increased

reliability

The proposed control mode and control parameters, which are described
in more detail in paragraph D, were selected based on the analytical I
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the continued analytical and development programs outlin2d in paragraphs C thru J.

17 Power command inputs from the airframe to the control consist of a
lever controlling forward and reverse thrust, and a separate lever control-
ling fuel shutoff. Suitable aircraft electrical switches will actuate
the gas generator ignition system and the emergency aerodynamic brake if
required. Remote adjustment of gas generator pressure ratio (EPR) will
be provided that also results in adjustment of exhaust gas temperature.
Remote adjustment of air flow will be. provided to permit limited airflow
adjustments at cruise. An automatic closed loop mode of EPI control will
be available as optional equipment. A description of the control system
aircraft-engine interfaces anJ a description of the control system opera-
tional procedure during a typical mission are provided in paragraph B.

The proposed prototype JTF17 engine control system major-com.nnentr
are described briefly in the following paragraphs. More detailed descrip-
tions, background information, anticipatEd problem areas, and a descrip-

r tion of the proposed development program for these major control com-
j ponents are provided in paragraphs D through J and in Appendixes A and B.

The basic engine control (the unitized fuel and area control)
includes the gas generator and duct heater fuel controls, the duct
exhaust nozzle area control, and the auxiliary controls noted above.
The unitized concept saves weight and cost, increases reliability by
using a common control computer, simplifies engine plumbing and component
mounting by locating the various controls in a common housing, and permits
rapid replacement to meet the maintainability requirements. Figure 2
shows the u!Litized control mockup installed on the JTF17 mockup engine.
Figure 3 shows the control removed at the rapid replacement manifold, and
illustrates how the control can be removed from the mounting adapter,
which connects the engine plumbing, without removing the plumbing.

The unitized fuel and area control utilizes the same basic type of
hydromechanical hardware that has provided successful service operationI of previous P&WA commercial and military turbine engines. The control
and the proposed development program are described in detail in paragraph D
and in Volume III, Report E, Section II.

The basic control system is hydromechanical to retain the dura-
bility demonstrated by this type of control on current engines. It has
been "unitized" to improve maintainability. We will also develop a
vernier digital electronic engine pressure ratio (EPR) control which
will automatically adjust the gas generator fuel control schedule as
required to maintain the EPR schedule selected by the flight crew. This
closed loop control will also limit the exhaust gas teiAperature (EGT)
at the maximum limit within + IO°F indicated. Optimum fuel consumption
and engine hot section life will result. The EPR control will be provided
as optional airframe-mounted equipaient since some airlines may prefer
that the flight engineer make all such adjustments manually. The EPR
control and proposed program are discussed in paragraph E.
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A A digital electronic airflow control, mounted on an interface of the
unitized control, will also be evaluated. This electronic control is
designed to replace only the airflow computer in the unitized control[ and will be tested to determine whether or not the improved computer accu-
racies possible with digital electronics can be realized with adequate
reliability in an engine-mounted control. This unit will contain its own[i engine-driven power supply and be capable of performing in the engine
environment without external cooling supply. The control will be engine-
mounted to reduce the number of electrical connections for increased
reliability. The progress of the development programs will determine if
the engine-mounted electronic airflow control, as described above, will be
incorporated in productioncontrols.

- An engine-driven fuel pump supplies fuel for the gas generator burner.
The pump is a two-stage unit with a centrifugal boost stage, a full flow
filter, and a single gear stage. This pump is the same basic type that
has been utilized in all previous commercial P&WA turbine engines, and
has achieved TBO times of 6000 hours to date. The pump and proposed
development program are described in paragraph F.

17 The duct heater fuel pump, which supplies fuel for the duct heater,
is a two-stage, fuel-lubricated centrifugal pump driven by an air turbine.
This type of fuel pump has shown excellent durability and reliability on17 the P&WA J58 engine in the high Mach number military applications. The
turbine is driven by high compressor discharge air, which is controlled
by an externally actuated butterfly valve. The turbine exhaust air passes
through a vortex venturi that aerodynamically limits pump speed, without
the use of moving parts, by cauring the air to build up pressure in the
vortex when the turbine begins to overspeed. This pressure build-up

[" results when the swirl angle of the air leaving the turbine becomes
tangential. The pump and proposed development program are described in
paragraph G.

1An eug!"e-driven hydraulic pump supplies 1500 psi fuel to actuate
the duct nozzle and reverser-suppressor actuators. Use of engine fuel
as the hydraulic actuation fluid results in a system of the lowest possible
weight by eliminating the need fcr hydraulic fluid heat exchangers, reser-
voirs, and associated plumbing. The need for a special hydraulic fluid
and associated problems is also eliminated. The use of fuel in the
hydraulic system also permits direct utilization of the heat rejection of
the hydraulic system by returning the fuel from the hydraulic system to
the gas generator fuel system; the mixed flow then flows to the burner.
Fuel hydraulic systems of this type are successfully used on the P&WA
J58 and TF30 engines. The hydraulic pump is a variable displacement,
piston-type fuel purp, which provides maximum pump efficiency, minimum
heat rejection, and rapid response in maintaining constant hydraulic

r system pressure. Satisfactory experience has been accumulated on a
similar fuel hydraulic pump, on the P&WA J58 engine in a high Mach number
military application operating at 2500 psi discharge pressure in a more
severe environment. The P&WA fF30 military engine (FX-III aircraft)

T • utilizes a similar 2500 psi fuel piston hydraulic pump. Several British
commercial jet engines use 1000 to 1200 psi piston fuel pumps with current
TBO's of 6000 hours. Aircraft piston hydraulic pumps, having substantial

i i commercial experience, supply 3000 psi aircraft hydraulic systems and
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achieve up to 5000 hours TBO. The above background indicates that the
JTF17 engine hydraulic pump can achieve satisfactory TBO times provided
that adequate attention is paid to the problems created by the hign tem-
perature environment. The hydraulic pump and the proposed development U
program are discussed in more detail in paragraph H.

The electrical ignition system used to ignite both the duct heater i
and the gas generator is a 4-joule, 3KV, low-tension system. Satisfactory
commercial and military service has been achieved with. this type of
ignition system. The ignition exciters are fuel-cooled. Heat transfer
bench tests at maximum SST mission temperature conditions show that the
electrical components in these fuel-cooled exciter assemblies operate at
least 10% below their rated temperature limits. Current commercial engine
exciter assemblies have achieved a TBO of 2200 hours to date. The electrical El
ignition system and the proposed development program are discussed in
paragraph I.

Other JTF17 elgine accessories are described in this proposal: The

fuel-oil coolers in Volume III, Report B, Section IV; and the turbine
exhaust gas thermocouples and harness, the hydraulic actuators, the aero-
dynamic brake actuator, and the position switches in Volume III, Report
B, Section II.

The relationship of the major fuel control system components to the
engine are shown in the fuel and hydraulic systems schematic shown in
figure 4. This schematic shows the primary fluid connections hetween
the components. Figure 5 shows the JTF17 engine mockup control components
installed on the Boeing mockup engine. A detail fuel and hydraulic system
schematic, electrical system schematic, and fuel and lube system thermal
management system Ichematic are provided and discussed in paragraph B.
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Figure 5. Mockup Control Components FD 16735
Installed on the JTF17 Mockup Bill
Engine - Boeing Configuration

V Development engine testing during the early part of Phase III will
be supported by the utilization of modified J58 and TF30 engine control

components, the same as are satisfactorily being used in the Phase II-C
engine test program. These components provide the flexibility required

during early engine testing, permit early evaluation of the proposed
JTF17 control mode and parameters, and provide engine endurance time en

the same type hardware as will be used in the prototype control components.
The early JTF17 engine test experience, as well as final engine sizing
and installation coordination with the airframe manufacturer, will be

incorporated into the prototype control component detail design prior
Lto release for fabrication.

4. Component Test Plans

L The component development test plan for the major control system
components is based on P&WA experience in development of turbine engine

components. This experience includes the development of control com-
ponents in commercial use, as well as the development of the components
for the supersonic P&WA J58 and TF30 military engines. Component testing

follows a well established plan starting with design support tests such

as materials and seal test while the unit is being designed.

This is followed by subassembly bench tests, complete unit bench

tests, pump and control system bench tests, engine tests including tests

with a simulated aircraft fuel system, inlet-engine tunnel tests and

flight tests. Both bench and engine tests include performance and en-

durance testing at SST mission cycle fuel and ambient temperatures.

J58 engine experience has shown that this type of component development
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test program is required to define problem areas and substantiate the
modifications required to correct the problems to insure that the pro-
duction units will meet the design durability and reliability goals.

The major milestones of the control system component development
program are:

1. Completion of a 75-hour component hot mission cycle bench test
2. Completion of aircraft inlet system and engine compatibility l

testing at the AEDC tunnel facility
3. Completion of a 75-hour engine flight test status test

(Establishes prototype unit parts list - defines flight l
test units)

4. Completion of 100 hours of flight testing in an experimental
SST aircraft W

5. Completion of a 550-hour component bench test in Phase IV
including hot mission cycle and contaminated fuel testing

6. Completion of a 150-hour engine certification test during
Phase IV (Establishes production unit parts list) [l

7. Completion of a 5000-hour component bench endurance test
of a production parts list unit during Phase IV to define
and ýorrect problems associated with high time endurance E

8. Completion of 150-hour hot mission cycle bench quality assurance

tests during Phase IV accomplished at P&WA option on one pro-
duction component out of each lot of 50 for the first 250 I
delivery units and one unit out of 100 for the remaining pro-
duction deliveries, selected at random by r&WA in order to
demonstrate the quality of production units.

The bench test programs are defined by P&WA and are accomplished
both by the vendor or by P&W. as directed by P&WA Engineering. Engine
and system testir- is accomplished by P&WA. Tunnel and flight tests are [
coordinated programs with P&WA, FAA, and the Airframe Contractor.

Table 1 shows the bench test, hot bench test, and engine test time U
which P&WA proposes to accomplish during the development programs for the
major control components. A detail description of the development test
plan and test schedule for these components is included in Volume III,
Report E, Section II.
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Table 1. Phase III Major Fuel System Component
r Estimated Development Test Time

SUnitized Fuel and Area Control 1967 1968 1969 1970

Development Units at P&WA 0 16 23 25
Development Units at Vendor 1 3 5 6
P&WA Bench Test Hours 0 5000 9100 7325
Vendor Bench Test Hours 8600 21000 21500 8850
Vendor & P&WA Hot Bench Test Hours 400 2440 4220 2775
Engine Test Hours 0 1000 2650 2925

Gas Generator Fuel Pump

Development Units at P&WA 1 21 30 35
Development Units at Vendor 1 4 7 9

rP&WA Bench Test Hours 0 6500 9000 7880
Vendor Bench Test Hours 800 2500 2600 1500
Vendor & P&WA Hot Bench Test Hours 40 900 1750 1410
Engine Test Hours 0 1000 2850 2925

Duct'Heater Fuel Pump

Development Units at P&WA 1 19 25 30
Development Units at Vendor 1 4 7 9
P&WA Bench Test Hours 0 3000 3600 3600
Vendor Bench Test Hours 750 1950 1250 1610
Vendor & P&WA Hot Bench Test Hours 40 495 725 790
Engine Test Hours 0 1000 2850 2925

SrHydraulic Pump

Development Units at P&WA 1 21 30 35

Development Units at Vendor 1 4 7 9
P&WA Bench Test Hours 0 3000 3600 3600
Vendor Bench Test Hours 800 2700 2600 1600
Vendor & P&WA Hot Bench Test Hours 40 570 930 780
Engine Test Hours 0 1000 2850 2925

Ignition System

Development sets* at P&WA 10 20 30 35
, Development Units at Vendor 4 .5 7 8

P&WA Bench Test Hours 2000 4000 3500 1125
Vendor Bench Test Hours 5800 6700 3300 1500
Vendor & P&WA Hot Bench Test Hours 390 1070 1020 395
Engine Test Hours 400 2000 5700 5850

j * 2 exciters, 4 igniters, and 4 high-tension leads per engine
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B. SYSTEM SCHEMATICS AND SYSTEM INTEGRATION

Paragraph B describes the complete fuel and control system proposed(I for the JTF17 turbofan engine. This engine has four fluid systems in
which control functions are required: (1) the gas generator fuel system,
(2) the duct heater fuel system, (3) the fuel hydraulic system, and (4)
the oil lubrication system. Included in this paragraph are descriptions
of the design and function of the overall system and the manner in which
it is integrated into the total aircraft engine system, the complete fuel
and hydraulic system, the fuel and lubricant management system, the en-[ gine control system operation procedure during a typical mission, and
the electrical system wiring diagrams, as well as a summsry of the air-
craft engine interfaces required. Detail descriptions of the individual
components are covered in other sections of this proposal. The overall
system is shown schematically in figure 4, paragraph A.

[ i. Fuel and Hydraulic Systems

The JTF17 fuel and hydraulic systems schematic is shown in figure 1.
This includes the gas generator system, the duct heater system and fuel
hydraulic system. Fuel is supplied from the aircraft tanks to the boost
stage of the gas generator pump. The fuel then flows through a filter
to the pump high pressure stage, the hydraulic pump inlet, the ignition
exciters for cooling and the duct fuel manifold quick-fill system with-
in the fuel control.

High pressure fuel from the pump discharge is supplied to the uni-
tized fuel control through the gas generator fuel-oil heat exchanger. A
parallel bypass circuit around the heat exchanger opens at high flow lev-
els to prevent an excessive pressure loss through the heat exchanger.

Inside the fuel control this high pressure fuel is supplied to the
high compressor inlet guide vane system, the gas generator fuel meter-
ing valve and the bypass regulating valve. The bypass regulating valve
normally bypasses fuel in excess of engine needs to pump interstage
through a filter. However, a thermally sensitive valve within the con-
trol may reroute part of this bypass fuel to the aircraft tanks if nec-
essary to prevent excessive fuel temperature.

Fuel to operate the computer portions of the control is taken from
a wash-type micronic filter in the control fuel inlet line. The comput-
er positions the metering valve in response to the input parameters to
provide the correct metered fuel flow to the gas generator combustor.

Metered fuel for the gas generator flows through the control shut-
off valve, the fuel manifold and into the gas generator combustor. A
manifold drain valve is incorporated which opens after engine shutdown
to drain residual fuel in the manifold overboard and prevent possibility
of fuel nozzle coking.

The air-turbine-driven duct fuel pump takes fuel from the aircraft tanks
and supplies high pressure fuel to the duct heater section of the unitized
control. The fuel passes through the duct heater fuel-oil cooler which[ incorporates a parallel bypass circuit similar to that of the gas generator
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fuel-oil cooler system. Because the fuel is supplied by a centrifugal
pump, this section of the unitized control incorporates an in-line reg-
ulating valve rather than a bypass regulating valve. '

When the duct heater is not operating, a metered amount of cooling
fuel flow is recirculated through the control to the gas generator pump
interstage. When the duct heater is operating, metered fuel is direct-
ed to the duct combustor through suitable shutoff valves and manifolds.

The computer portion of the duct heater control positions the duct n
heater metering valve to the correct position to provide the required
metered fuel flow rate. A fuel manifold quick-fill system is incorporated
within the control to rapidly fill the fuel manifolds prior to introducing
metered flow. This uses interstage fuel and assures fast response of the
duct heater. Manifold drain valves drain residual fuel overboard after
shutdown.

A piston-type hydraulic pump takes filtered fuel from the gas gener- L
ator pump interstage and supplies high pressure fuel through a filter to
the duct exhaust nozzle control valve and the reverser-suppressor pilot
valve. These valves direct the high pressure fluid to the respective ac-
tuators to position the fan duct nozzle and the reverser-suppressor as re-
quired. Hydraulic flow is then returned to gas generator pump interstage.

2. Fuel and Lube Thermal Management System [
Thermal management of the fuel and oil systems is required to satisfy

the following basic requirements and is accomplished by fuel oil coolers
and temperature sensing fluid bypass valves.

1. Maintain acceptable fuel and oil temperatures
2. Insure maximum utilization of the two fuel heat sinks
3. Return the minimum amount of heat to the aircraft fuel tanks.

The fuel and lube thermal management system is designed to add the max- .
imum permissible amount of heat to the fuel flowing into the engine com-
bustion systems, and the minimum heat back to the aircraft fuel tank.

There are two fuel oil coolers; the duct heater cooler and the gas
generator cooler. The duct heater fuel-oil cooler is located between the
duct fuel pump and the duct heater fuel control. During aircraft climb,
acceleration, and cruise, a large part of the lubrication system heat is L
transferred to duct heater fuel by the duct heater fuel-oil cooler. This
is done to utilize the large heat sink available with duct heater fuel
flows.

An oil bypass valve in the duct heater fuel-oil cooler is used to pre-
vent the fuel from reaching overtemperature conditions by sensing fuel tem-
perature at the discharge of the cooler. When the fuel temperature limit
is reached, hot oil is bypassed around the cooler core thereby limiting
fuel temperature. Under this condition, part of the lube heat load is
transferred to the gas generator fuel-oil cooler which is located between &
the gas generator fuel pump and the gas generator fuel control.

I
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Figure 1. Fuel and Hydraulic Systems Schematic with the Hamilton Standard Division

Unitized Fuel and Area Control
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SExcessive fuel temperatures are prevented in the gas generator fuel
system by the use of a supplementary thermal bypass control valve within

Sr the unitized fuel and Area cnntrnl. This valve senses fuiel tempcr:.:-zr.Z_
rL at the dischprge of the gas generator fuel-oil cooler. When the limiting

fuel temperature is reached, the thermal bypass valve diverts part of the
Sr fuel that is being returned to gas generator fuel pump to the airframe
1 fuel tank vs required to prevent excessive fuel temperatures.

To minimize the heat returned to the aircraft fuel tanks, thu engine
system is designed to operate with the maximum prw4ssible fuel tempera-
ture into both gas generator and duct burner systems. To accomplish this,
and maintain an optimum heat balance between the two systems, some fuel
is transferred to the duct heater system from a gas generator system
through a fixed orifice.

r The thermal management system described above does not require ex--
tarnal cooling in any form up te and throughout the cruise regime. Dur-
ing part of the t..eent after the cruise, fuel may be returned to the
aircraft tank until the fuel flow to the engine is sufficient to handle4 the heat load without exceeding the fuel temperature limit.

At the present time, this engine does not incorporate an air-to-fuel
r heater for fuel de-ic ag purposes, because initial coordination with the

airframe manufacturucs indicated that fuel temperatures at the engine in-
let would be above potential fuel icing conditions during all critical

r flight operations. A fuel de-icer system can be provided on the engine
if need is established during detail system coordination with the air-
frame manufacturer.

( 3. Electrical System Wiring Diagram Description

The complete engine electrical requirements with circuit information
is shown on the electrical installation drawing. The wiring diagram forI the Lockheed engine configuration is presented in figure 2 and the Boeing
engine configuration is presented in figure 3.

The figures indicate connections with the airframe for the following
items:

1. Exhaust gas temperature is indicated by nine individual probes,
each probe incorporating two sets of junctions with five per set.
One connection with the airframe provides individual outputs
that indicate exhaust gas temperature as sensed by the nine probes;
each output is the electrical average of one set of junctions.
Another airframe connection provides an output that is the elec-
trical average of 45 junctions; these are the remaini-g set in

S V each of the nine probes.

1 2. Duct exhaust nozzle position transducer
3. Low rotor speed indicator transducer
4. Two ignition exciters (The ignition system is wired in a manner

which will permit only one igniter to be energized at a time if
desired by the user.)

5. Unitized fuel and area control remote engine pressure ratio and
airflow adjustments and duct ignition control.

BIIIB-5
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6. Position switch that indicates the inlet guide vane position
7. Position switch that indicates the reverser clamshell suppressor

position
8. Airframe-supplied decoupler actuator motor for the power takeoff |

system (Lockheed) (The diagram will be updated to include the

engine-furnished instrumentation coordinated with Lockheed.)
9. Four switches that are part of the secondary airflow control

system (Two awitches indicate that the airflow control valves in
two airflow ducts are in the closed position and the other two
switches indicate that the valves in two additional ducts are
also closed.) (Boeing) I

4. Definition of Aircraft-Engine Control Interfaces

Control system design must recognize and define the engine-airframe I
interfaces. The following interface connections are required and are
being provided for on the P&WA JTF17 engine.

a. Power Lever

Power lever input on the engine control requires 320 degrees of
shaft rotation from the maximum reverse thrust stop to the maximum aug-

mented forward thrust stop. The power lever provides full engine con-
trol for all engine operating conditions except fuel "on" and "off".
For the Lockheed application, the power lever input is an electrical I
system. P&WA will provide fuel cooling for the airframe-supplied, en-
gine-mounted electrical components for actuating the power lever.

Lockheed has also prepared an electrical servosystem that provides
a direct electrical input of power lever position to the fuel control.
P&WA and Lockheed are studying this system. Reduction of the 320 de-
grees of power lever motion in the control to the allowable range in
the aircraft cockpit is being coordinated with both airframe manufac-
turers. The 320 degrees of control power lever motion is provided in
the control to provide low thrust to power lever motion sensitivity E
at the control. For the Boeing application, P&WA is providing a gear
and rack which converts the 5-inch linear input motion from the Boeing
system to the required 320 degrees of power lever rotation. E
b. Shutoff Lever

Shutoff lever input to the engine cozrtrc~l for both engine applica-
tions requires 90 degrees of shaft rotation and either electrical or
cable and pulley type inputs can be accepteJ. V

Note that, in the event of external connection disengagement,
both the power lever and shutoff lever at the unitized control will re-
main in the last position to which they were placed and will not change
from this position unless externally moved.

C. Ignidion Power £
Ignition power will be supplied to the gas generator exciters from

aircraft manual off-on switches. The use of a separate power source

for each switch will provide maxim1im system redundancy. I
BIIIB-6
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Ignition power for the duct exciters will be supplied through the

unitized control.

[ d. Remote Adjustment

(1) Gas Generator Fuel Schedule Adjustment

Suitable power connections and aircraft switches are required to

power and permit remote adjustment of engine pressure ratio.

[ (2) Remote Airflow Schedule Adjustment

Suitable power connections and aircraft switcles are required to
power and permit remote adjustment of corrected 'ngine airflow, thereby
providing the desired compatibility with the aircraft inlet system.

[ - e. Fuel

Fuel is supplied ýrom the aircraft fuel system to the inlet of the
gas generator fuel pump and duct heater fuel pump through suitable connec-
tions. Fuel may be returned from the engine to the aircraft tank during
descent to prevent fuel temperature from exceeding limits.

[f. Component Installation Drawings

Component installation drawings, as defined in the engine installa-
tion drawings, have been coordinated with the airframe manufacturers to
fit within available space envelopes in order to provide accessibility
on the aircraft, eliminate large fuel lines from the bottom ot the engine,
provide minimum fuel line lengths, and provide suitable aircraft inter-
faces.

5;. Control Component Arrangement and Installation

Numerous studies have been made which have resulted in an optimum
arrangement of control system components on the JTFI7 engine. Tne
objectives used for the studies were to (1) keup major fuel handling com-
ponents and plumbing lines from being located below the engine, as a
safety feature in the event an incident occurs resulting in an engine
being dragged on the ground; (2) provide easy access to the components
that require routine servicing; (3) ensure components are capable of
being replaced on an installed engine within one half hour; and (4) ob-
tain acceptable routing of plumbing lines. The final component arrange-
ment met these requirements.

6. Engine Control System Operation During Typical Mission

The pilot action required to operate th' JTFI7 engine, and the system
sequencing which results, is best dcscribed by presenting a typical mis-
sion profile from engine startup through shutdown. Refer to Volume III,

SReport A, for a discussion of flight power settings.

BIIIB-11
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The airframe system incorporates a powe- lever, a f-el shutoff lever,I

an ignition selection switch, a gas generator pressure 'ratio (EPR) ad-
justment switch, and an airflow adjustment switch. Engine power modu-
lation is accomplished by the use of the power lever. Engine shutdown
is accomplished through the use of the fuel shutoff lever. Remote man-
ual adjustment of EPR and engine airflow is provided for optimizing the
operation of the engine-aircraft system. The schedules and functions
of the power lever and shutoff lever are shown in figures 4, 5 (Boeing),
and 6 (Lockheed). A simplified electrical schematic of the ignition sys-
tem is shown in figure 7. The EPR schedule of the engine is shown in
figure 8. Desired variations from this schedule can be obtained with !
the EPR adjustment switch when the engine is operating with augmentation
or by power lever modulation when the engine is operating non-augmented.
If the exhaust gas temperature maximum limit schedule, as shown in fig- I
ure 9, is exceeded, adjustment of EPR setting switch will eliminate the
condition. The airflow setting switch permits the engine airflow to be
varied between certain limits when operating in the high Mach number
region to optimize the match between engine airflow with inlet'airflow.
The airflow schedule and permissible manual setting range is shown in
figure 10 fer the Lockheed configuration and figure 11 for the Boeing
configuration. The EPR setting switch will be used by the pilot or
flight engineer to implement the engine constant thrust rating at com-
pressor inlm'b temperatures below 59 F.

Prior to engine start, the levers are positioned as follows: (1)
the power lever is locaged at the "idle flat position," and (2) the fuel
shutoff lever is in the "off" position.

MaximumT I I Thrust

Maximum
Non ugmented
Thrust

'~Full 3everse Thrust

Idl

'Thrust-Il

Forward Idle Thrust

ýREVERS -k---NONAUGMENTED -- AUGMENTED-4
THRUST

0 40 80 120 160 200 240 280 320
POWER LEVEL ANGLE -deg

Figure 4. Proposed Power Lever Operation FD 17142
"BIll
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\ _"

0 ctuate Fuel![Shut ofr ValvesM

'Arm- Ar-ra'ke'

[0 10 20 30 40' 50 60 70 80 90
SHUTOFF LEVER ANGLE - deg

I.Figure 5. 'Proposed Shutoff Lever Operation - D 17634
Boeing 3111

[z

[ ~ ~~ctuate~ u

o AeraBrakn

FM
0 10 20 30 40 50 60 70 80 90[ SHUTOFF LEVER POSITION -deg

Figure 6. Proposed Shutoff Lever PD 17646[Operation -Lockheed 3I111
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Figure 7. Ignition System Schematic FD 17140
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Engine systems are automatically lositioned in the shutdown con- [
dition as follows: (1) the compressor stator vanes are in the start
position, (2) the compressor bleed valves are spring-loaded open, (3)
the duct nozzle is partially open, (4) the reverser-suppressor is in
the takeoff position, (5) the ejector blow-in doors are open, and (6)
the fuel manifold dump valves are spring-loaded open.

Engine start is accomplished by energizing the engine starter and, E
at the first indication of engine rotation, moving the ignition switches
to the "on" position and the fuel cutoff lever to the fuel "on" position.
Motion of the shutoff lever signals the gas generator fuel manifold dump
valve to close, fuel is introduced to the gas generator fuel nozzles at
the starting flow rate, and engine ignition occurs. Fuel pressure rises
to maintain the compressor stator vanes in the start position and to set
the duct exhaust nozzle area at the constant controlled area.

The engine rotors accelerate in response to fuel flow established by
the starting fuel schedule. When the idle speed is reached, the speed
governor prevents further fuel flow increase and controls the engine at

the idle speed. The gas generator ignition switches are then placed in
the "off" position. The gas generator ignition switches should remain
in the "off" position unless restart is required or ignition "on" is
desired during takeoff or when turbulent air conditions are encountered.
However, the ignition usage cycle recommended in paragraph I, should be
followed.

Bi
• .BliP- 16

' • I



Aran&8 Whiney Aircraft
PWAP 66-100}i• Volume III

Power lever advancement to a position above the idle flat causes the
engine to accelerate in response to the fuel flow scheduled by an ac-

- L rceleration limit caw in the fuel control. Part power is set by the power
lever and held by the speed governor. As power is increased toward the
maximum nonaugmented power, the compressor bleeds close at the proper
high conprissor rotor speed for the measured engine inlet temperature.
I 11 Also, at a predetermined high rotor speed, the compressor stators rotate
from the start to the taket:ff position. When engine total airflow reach-
es the value scheduled for the operating condition, the duct nozzle be-
gins to close to maintain engine airflow constant. In the maximum, non-
augmented and the augmented thrust range, the fuel/air ratio of the gas
generator is held constant at a given engine inlet temperature but is
biased by this temperature over the engine operating envelope.[

Throughout engine operation with the duct heater off, a small fuel
flow is metered through the duct heater fuel scheduling system com-
ponents for cooling. The duct fuel pump speed 13 controlled to regulate
the metering head, and the duct manifold dump valves are open venting
the duct heater fuel manifolds overboard. In addition to providing the
cooling function, ttis also permits all servosysteas to be in the cor-
rect scheduling position when duct heater operation is requested.

'Advancement of the power lever into the augmentation range will ini-[ tate duct heater operation with events being sequeaced as defined in
unitized fuel and area control description, paragraph D.

The thrust setting technique to be used during the takeoff consists
of advancing the power lever to the maximum augmented position and set-
ting engine pressure ratio to the desired value, this value being a func-

7 tion of engine inlet afr temperature. Where thrust settings below max-
imam are desired, this same technique is used, followed by a reduction
of-the power lever to set total engine fuel flow to a value previously
determined as a function of engine inlet temperature and desired thrust
as shown in figure 12.

E•• • pt.: Lewl TaksoMi = T ff

ZrIDevmWi. -1 Ma. Thmat iCted

9 wtg CurvDetinmineWft Usi.ng Curve •2

~~ WbeMt.n 1ffP F Win shg Cun2

CurW, S W• M•7tr P
S- Ij I ,

a~a.l'_ I I.
- llB-4

ua7( F

I-i40

0Z Vto 85axe

COMPRESSOR INLET TEMPERATURE. ij2 --F MAXIMUM AUGMENTED NET THRUST - S

Figure 12. Estimated Performance (Takeoff FD 17143
Part Power Total Fuel Flow Setting) BIII
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At a flight condition of approximately Mach 1.2, the reverser-sup- 5
pressor will be aerodynamically reset to the cruise position. The com-
pressor stator will be automatically positioned in the cruise position by
the control at the scheduled N2 and TT2.

Engine inlet airflow is scheduled as a function of engine inlet
total temperature as shown in figure 9 for the Lockheed Configuration and
figure 10 for the Boeing Configuration. Above engine inlet temperatures
of approximately 2500 F, manual remote adjustment of engine airflow is

provided within maximum and minimum airflow limits to permit optimum
matching of the engine and inlet.

Engine thrust at cruise conditions is obtained by setting EPR and
total engine fuel flow to the required values. These values will be
available in the form of tables similar to tables currently being used
on subsonic commercial aircraft. Table 1 shows a sample cruise thrust
setting table.

Engine thrust is reduced by reducing the power lever position. Mov-
ing the power lever into the non-augmented region will shut off duct heater
fuel flow at a controlled rate with the duct heater fuel manifold dump 1
valves operating in proper sequential order.

Power lever movement t. the idle flat reduces gas generator fuel flow J
to the deceleration schedule resulting in an engine speed decrease to
idle speed and the duct exhaust nozzle being set to the fixed maximum area.
As the aircraft descends along the flight path, the reverser-suppressor is
reset to the takeoff position aerodynamically. The compressor stator L
vanes and the compressor bleed valves will automatically be positioned
as a function of engine high rotor speed and engine inlet temperature.
Checkout of the duct heater igniters is possible during the descent, pro-
vided the power lever is in the idle or near idle position.

On approach for landing, engine power is modulated by the pilot to |
maintain the desired flight path. Reverse power may be selected by retract-
in& cte power lever to the reverse idle position. Movement of the clamshell
doors to the reverse position permits the power lever to be further re- -
tarded to obtain maximum reverse thrust. Ground maneuvering after re-L
verse thrust engine operation will require the power lever to be advanced
to the forward idle position. Movement of the clamshell doors to the
takeoff position permits the power lever to be advanced to obtain the
desired forward thrust.

The engine is normally shutdown by placing the power lever in the
forward idle position, and moving the fuel shutoff lever to the "off"
position. The ignition selector switches should be placed in the "off"
position if the system had been energized for the landing. Shutdown can
be effected with the power lever in any position by placing the fuel
shutoff lever in the "off" position. This will shutoff fuel flow to
both the gas generatcr and the duct heater.

If duct flameout occurs during duct heater operation, the sudden

increase in duct airflow will energize the duct heater blowout mech-
anism in the control which causes the Zone I and Zone II shutoff valves

BIIIB- 18
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to close and opens the respective fuel manifold dump valves. Cooling
fuel flow will also be reestablished through the duct heater fuel sys-
tem components. In this event, the power lever must be retarded to the
t 1.nonaugmented flat power lever position, ar less, and then moved to an
augmentation position before duct heater operation can be reinitiated.

In the event an inflight engine shutdown is performed, the engine
may be restarted by placing ignition selector switches on the "on"
position, the power lever at idle position and moving the shutoff lever

p to the "on" position. The gas generator ignition selector switches
should be placed in the "off" position after engine restart is accom-
plished. Normal engine control by power lever modulation may then be

U Table 1. Sample Cruise Thrust Setting Tables

Subsoric: 36,150 Ft. M - 0.9

Gros Wt. OAT - OF -70 -52
EPR/EGT 2.26/1370 2.26/1450

480,000 N2/NI 94.7/97.2 96.5/100.0
WFT 10600 10900
AJD/DH 3.6/Not Lit 3.6/Not Lit
RAT/TAS -7/516 +14/528

[EPR/EGT 1.91/1105 1.91/1180
360,000 N2/NI 89.6/92.7 91.5/94.7

WFT 7800 8000
AJD/DH 4.3/Not Lit 4.3/Not Lit
RAT/TCAS -7/516 +14/528

[Superspnic: 65,000 Ft. M - 2.7

Gross Wt. OAT OF -70 -52
EPR/EGT 0.743/1425 0.701/1425

S500,000 N2/NI 100.0/86.2 100.4/86.5
WFT 26000 27200
AJD/DH 6.4/Lit 7.0/Lit

SRAT/TAS 494/1548 537/1584

EPR/EGT 0.743/1425 0.701/1425
370,000 N2/N1 100.0/86.2 100.4/86.5

WFT 19100 20200
AJD/DH 5.6/Lit 6.2/Lit
RAT/TAS 494/1548 537/1584

Symbol Description Units

OAT Outside Air Temperature OF
EPR Engine Pressure Ratio (Pt7/Pt2) None
EGT Turbine Discharge Total TemperAture OF
N2/N1 High Rotor RPM/Low Rotor RPM %
WFT Total Fuel Flow PPH
AJD Duct Nozzle Jet Area Ft 2

DH Duct Heater Lit/Not Lit
RAT Ram Air Temperature (Tt2) oF
TAS True Airspeed Knots

1 BIIIB-19
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C. ANALYTICAL MODELING AND CONTROL SYSTEM SIMULATION TESTS

1. Control Mode and Parameter Selection

Prior to and during the Federal Aviation Agency sponsored
supersonic transport program, P&WA has conducted detailed computer
system analyses to define and evaluate all possible modes of engine
control. The main function of all control systems on this engine
is to control three basic engine parameters to within allowable
limits over the flight envelope during both steady-state and transient
operations. These parameters are gas generator turbine inlet tempera-
ture, duct heater discharge temperature, and total engine airflow.
Total engine airflow must be controlled within narrow tolerances
throughout the entire supersonic flight regime of the aircraft,

* particularly during transients, to minimize engine and aircraft inlet
control requirements.

The studies conducted during the early phases of the program
selected the following mode of control for a turbofan engine for[ use in a supersonic transport:

1. Gas generator output to be controlled by scheduling
gas generator fuel flow as a function of Pb' N2,[T2 and PLA.

2. Duct heater output to be cortrolled by scheduling duct
heater fuel flow as a function of Pb, PLA, and Tt 2 .

3. Total engine airflow scheduled as a function of Tt2 and to
be controlled on a closed-loop basis by positioning the
duct exhaust nozzle as required to obtain the desired
engine airflow utilizing N and fan discharge pressure[ N2
ratio (PT3-PS3)/PT3.

This mode of control is basically the same as the mode of control.
that is being used successfully on the J58 engine. Airflow control
is obtained by actuating the augmentor exhaust nozzle on both engines.
On the J58 engine, the parameter controlled to obtain the desired-
airflow is engine speed, whereas the parameter used on the JTF17
is duct pressure ratio. Rotor speed could not be used for the control-
ling parameter on the JTF17 engine, because total airflow is not a
direct function of the speed of either rotor.

The JTF17 engine control mode and parameters are described in
more detail in paragraph D.

With the basic control concept defined, further computer studies
of the basic system were conducted during all phases of the contract.
These studies were directed to evaluate the dynamic characteristics
of the engine, control system, and the interaction of the engine and
inlet.

I The results of these computer studies, conducted during the FAA
sponsored program have been reported, and are documented in the following
reports:

BIIIC-l
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I. P&WA Report No. PWA-2353 and Appendixes A and B cover the
work performed under ASD contract No. AF33(657)-11189 BPS
No. 3 (6199-648D).

2. P&WA Report No. PWA-2397 and Appendixes A and B cover the ij
work performed under FAA contract No. FA-SS-64-2.

3. P&WA Report No. PWA-2600 and Appendixes A and B cover the
work under FAA contract No. FA-SS-65-18.

Over 1000 hours of computer operation was accumulated during these studies.

2. Analytical Modeling and Control System Simulation Test Results in
Phase 11-C

During Phase 11-C, the computer analysis of the system was continued

by P&WA and the two control vendors. Studies at P&WA involved simu-
lating the engine, the control system, and aircraft inlet at several
operating conditions to evaluate vendor proposed systems and different
approaches or methods of solution to the control problems. -

The main results of these studies were to (i) define the activation
schedule for the compressor bleeds, (2) indicate the required interlocks [t
and permission signals required on the fast-fill system of the duct heater
and define manifold filling times, (3) define interlocks and response
requirements of the reverser system, (4) define input and removal rates
of resets in the duct burner and nT-7le area control, and (5) determine
the response of the airframe inlet to engine transients. Additional
studies covering inlet compatibility are discussed in Report D, Section II,

paragraph C.[

Some of the results of these studies are shown in figures 1 through 6.
These computer traces show the engine operating at sea level and cruise,
and indicate the engine transient performance in response to power lever
motions.

Figure 1 shows the response of the engine at sea level to a throttle l
advance from idle to maximum augmentation. The engine accelerates from
idle, and when the high pressure compressor rotor reaches 80% rpm, a signal
is provided to initiate the fast-filling sequence of the zone I manifold L
of the duct burner. When the manifold is full, this occurring in approx-
imately 1 second, a signal stops the fast-fill sequence and ignition occurs.

When zone I ignition has occurred, the fast-fill sequence of zone II
manifold is initiated. This sequence is terminated when filling is complete.
This method of sequencing the filling on zone II manifold provides smooth
transition from zone I to zone iI with essentially no time delays. After the C
hold for zone I fast-fill sequence, the engine can advance through the augmenta-
tion region in approximately 1.1 second. The total time of 8 seconds is necessary
to advance from idle to maximum thrust, and 6.5 seconds to reach 95% of 3
maximum thrust. The augmentation initiation sequence is described in detail
in the unitized fuel and area control description in paragraph D.

Figure 2 presents the response of the engine for a "wave-off" during I
landing approach. The engine is operating at the approximate approach
thrust when the power lever is snapped to the maximum augmentation position.
The engine takes approximately 4 seconds to reach maximum thrust. I

BIIIC-2 I
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Sea Level operatic,• from maximum augmentation to reverse thrust is
shown in figure 3. The engine is operating at maximum thrust when the
power lever is snapped to reverse idle, at which point it must stay until

two interlocking functions are performed at which time further motion
to thrust reverse is permitted. When the high-pressure compressor rotor
speed decelerates to 90% rpm, a signal is provided that starts the thrust
reverser clamshell doors moving to the reverse thrust position. This
motion requires approximately 0.75 seconds. Once the clamshells are in I
the reverse thrust position, the power lever can be moved to reverse
thrustposition. The transient from maximum augmentation to maximum

reverse thrust requires approximately 4.75 seconds. I
Figure 4 shows engine operation with a simulated aircraft inlet system

for a transient from maximum nonaugmented to maximum augmented at cruise
conditions of Mach 2.7 and 65,000 feet altitude. For this study, the
engine is operating at the maximum nonaugmented condition and the power
lever is snapped to the maximum augmented position. The fast-filling
sequence of Zone I is begun immediately. The duct nozzle area is reset
open in anticipation of the duct light, which provides additional fan
and inlet stability margins during the duct heater light-off. The area
reset is removed slowly after the engine has advanced well into the
augmentation region. After the ignition of Zone 1, the operation
through to maximum augmentation is the same as described in the sea level
idle to maximum augmentation transient. Approximately 4 seconds is
required for the transient from maximum nonaugmented to maximum augmented.

Figure 5 shows engine transient operation with a simulated aircraft
inlet system from idle to maximum augmentation at cruise conditions of
Mach 2.7 and 65,000 feet altitude. The engine operational procedure from
idle to maximum augmentation is the same as the sea level idle to maximum
augmentation operation. The duct nozzle area is reset open in anticipation
of the duct heater light-off in order to provide additional fan and inlet
stability margins.

A simulation of a duct heater blowout and relight at cruise conditions[
of Mach 2.7 and 65,000 feet altitude is shown in figure 6. When the duct
heater blowout is encountered, the airflow increases and, at a level of
approximately 4-1/27. above the desired airflow, the airflow control shuts
off the duct fuel flow and opens the Zone I and II manifold dump valves. A
signal is also sent to the gas generator fuel control to reduce fuel flow
and, thus, reduce any possibilty of fan overspeed. The power lever must
be recycled to the maximum nonaugmented position before augmented operation
can be attained. The computer simulation includes an airframe air induction
system. U

In addition to these data, other results from both analog and digital
computer studies conducted by both P&WA and the two control vendors are
reported in the monthly progress reports prepared cs a part of FAA Contract
No. FA-SS-66-8.

If
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SProgress Report No. Date Report No.

S1 8-10-65 FR-1492
2 9-10-65 FR-1540
3 10- 8-65 FR-1598
4 11-10-65 FR-1643
.5 12-10-65 FR-1691
6 1-10-66 FR-1708
7 2-10-66 FR-1749
8 3-10-66 FR-1779
9 4-10-66 FR-1825

10 5-10-66 FR-1855
11 6-10-66 FR-1884
12 7-10-66 F-R-1953

The functional block diagram used for simulating the JTF17 engine[ and control system on the digital computer is shown in figure 7, and
the analog schematic diagrams for simulating the same system at cruise[conditions are shown in figures 8 and 9. Both systems include simulation
of the air induction system..

3. Definition and Description of Interface Connections Between the
Engine Control System and the Air Induction Control System

During initial analytical and computer studies of the engine control-
inlet control compatibility studies, it appeared that interconnections
would be required between the two control systems. These interconnections
were: a Mach number signal from the air inlet control system to the engine
control system; and a reset signal from the engine control to the inlet
control.

Theoretically, Mach number scheduling of engine airflow is very[desirable for inlet airflow matching. However, a realistic evaluation
of the combined effect of engine-to-engine and inlet-to-inlet airflow
variation plus the engine airflow variation induced by precision errors
in the Mach number signal lead to propulsion performance penalties that
may be unacceptable.

A new scheduling concept has been coordinated with the airframe
manufacturers. Engine airflow is scheduled by engine inlet total tempera-
ture with a flight deck adjustment available to improve inlet matching.

This method of scheduling cruise airflow takes advantage of the versatility
available with the turbofan cycle to provide excellent eagiefinlet
compatibility.

Elimination of the Mach number bias removed the need for an instru-

mentation link between the inlet control and the engine control.

Initial evaluation of inlet stability margins indicated that rapid
airflow transients of greater than -2% could not be tolerated by the
inlet during inlet started operation. Therefore, to provide stability
margin, a reset signal was transmitted to the inlet control so that when
the duct heater was lit or when Zone II operation was initiated, the

BIIIC-7I
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shock position would be ielocated to a more stable location. Lockheed U
and Boeing have since aCdised that the inlet stability margins have been
greatly increased to th&ýextent that the duct heater transients are now
accomplished within these margins. Therefore the inlet reset was eliminated. Ii

As a result of theta studies it has been concluded that interfaces
between the inlet control system and the engine control system are not
required on the JTF17 engine installation in the Boeing or the Lockheed
airplane. Figure 6 shows the response of the engine to an augmentor
light-off at Mach 2.7 and 65,000 feet without any interfaces between the
engine and inlet control systems. I
4. Plans for Combined Air Industion System, Engine, and Control

Simulation Tests in Phase III. U
During Phase III, the computer simulation and analysis of the engine

system will be continued by both P&WA and the vendor designing and manufacturing
the unitized fuel and area control. The computer work to be conducted by P&WA 1
will emphasize control system compatibility with the engine and the compati-
bility of the engine with the inlet. The vendor program will be concentrated

on determining the gains, response time, and constants required within the 1
control in order for the unit to provide the necessary control of the engine.

The major portion of the study to be conducted by P&WA will be
directed toward the analysis of the complete airframe-engine system I
to ensure that necessary system compatibility is attained. This will
involve close coordination of the engine and airframe inlet control
design programs. To aid in this analysis the airframe manufacturers have I
been supplied a mathamatical cconputer model of the engine and its control
system. This model will provide the airframe inlet control designer a
tool with which he can evaluate the engine inlet interaction. Similarly,
a complete computer simulation of the inlet, provided by the airframe
manufacturer, will be used to evaluate engine control designs and opera-
tion in the airframe environment at P&WA.

To refine the design of the control system for the prototype engine
the control schedules will be further evaluated to define steady-state
operation and acceleration schedules that will give the fastest acceler-
ation times.

,K detailed simulation of each major component of the control system
will also be constructed to determine the adequacy of the design before
reaching the testing phase. As testing continues, the model will be
revised to reflect the central characteristics determined from bench
and engine testing. This component simulation will be in sufficient
detail to provide a tool with which to do malfunction analysis on an
individual part, such as springs, levers, etc. This will then provide
information for the malfunction predictions.

The computer program at P&WA will also verify the results obtained
from system studies performed by the unitized fuel and area control
vendor. This verification is necessary since much of the detail design
will be based on requirements that are generated by the vendor study.
Thus, if a discrepancy is found in the overall system study, the neces-
sary corrective action will be taken at the earliest opportunity. I

BITIC-8 I
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Lozputer Facilities Vu I

Extensive computer facilities are available to PPWA for use in the
investigation of SST control modes and the development of proper design
within the desired control mode. A complete description of thesef lacilities is presented in Volume V, Section Ii.

Section II, paragraph C also presents results of computer studies
performed investigating control of the JTF17 engine And compatibility
of the engine with the airframe inlet.

a. FRDC Computer Capabilities

Computers, such as Beckman Model 2133 analog and IBM 360 system

Model f5, are availabl iat FRDC and can simulate a complete JTFlI engine
with supersonic inlet. Simulation of engine oparation throughout the
flight envelope, including engine inflight shutdown and engine windmilling
and the aerodynamic brake on and off, can bc made.

To illustrate the extent of a typical simulation, the control system
is programed to predict the performance of each individual servo and
pump, and the characteristics of each engine component as well as per- -
formance of the airframe inlet. Through a detailed analysis of e'ch run,
the control or pumps may be revised to produce more desirable systems
results. Simultaneous operation of both analcg and digital computer

representation is available. A photograph of the FRDC analog computer
control panel is shown in figure 10.

S. ...~......... "Zr

SFigure 10. P&WA FRDC Analog Facility FE 12204
BII IC -*15 Bill
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b. UARL Computer Facilities

In addition to the FRDC facilities, hybrid computer DEC Models PDP-l
and PDP-6 are available at United Aircraft Research Laboratories. UARL
also have Beckman Model 1100 Analog facilities and are procuring Univac
1108 digital facilities.

c. Hamilton Standard Computer Facilities

Hamilton Standard computer facilities include an IBM Model 1620
digital computer and a Philbrick analog computer. The equipment is
capable of complete control system simulation which includes engine
pumps, individual control sensors, and a simplified engine. A photograph
of the Hamilton Standard analog control panel is presented in figure 11.

I n:: n -: * L•: :n: : : :' n.: •nO . . 2 O I ' * .o 2

T-11
Figure 11. Hamilton Standard Analog Facility FE 56163

BIII

d. Bendix Computer Facilities

Bendix computer facilities include both TBM and CDC digital units
and several EAl analog units. Univac 11()/ equipment is readily avail-
able on a central basis within the city of South Bend and has been
utilized by Bendix for other programs. A photograph of the Bendix analog
facility is presented in figure 12.

In addition to their own facilities, each vendor has access to the
UARL computer faciliLies.
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D. UNITIZED, FUEL AND AREA CONTROL

1. Descript on of Unitized Fuel and Area Control

a. Introduc ion

The unitized fuel and area control is the inajor component of the con-
trol system for the JTF17 engine and incorporates all' of the primary and
most of the secondary controlling functions of the system. The unit has
been the subject of analytical studies and design concepts by Pratt &
Whitney Aircraft, Hamilton Standard Division, and Bendix Products Aero-
space Division for the past three years. The result of this effort has
been the definition of a control which will be capable of providing the
optimum engine control over the operating envelope of the engine.

b. General Description of Unitized Fuel and Area Control

The proposed prototype JTFI7 engine utilizes a hydromechanical power
control system which is the same type of hardware that has provided
successful service operation of previous P&WA commercial turbine engines.

The JTFI7 engine control has the following basic functions:

1. Controls engine speed, turbine inlet temperature, and engine thrust
between full reverse aad maximum duct augmentation power as a
function of PLA

2. Sýiedules gas generator fuel flow rates during acceleration or de-
celeration to keep r gine operating conditions within acceptable
limits during transient operations

3. Positions the duct heater exhaust nozzle area to maintain the de-
sired corrected total engine airflow schedule

4. Positions the compressor inlet :ztntor vanes as a function of com-
pressor inlet temperaturt, and high compressor speed

"6. Positions the compressor bleeds as a function of high rotor speed
and engine inlet temperature

6. Positions the thrust reverser-suppressor as a function of power
lever angle

7. Provides for fuel cutoff at engine shutdown
8. Controls the speed of the duct heater fuel pump Lo the minimum re-

qt:% Lo piovide auct tuel pressure and flo-.

Typical schedules are shown on figures 1 through 6. Detail descrip-
tions'of the HSD unitized fuel and area control and of the Bendix unitized
fuel and area control are provided in Appendix A and Appendix B, respectively.

The main conmponent of the control system houses all of the engine con-
trols described above and is referred to as the unitized control. It is
supplied withl fuel pressure and flow by three pumps: a gear type pump to
supply fuel to the gas generator, a centrifugal fuel pump to supply fuel to
the duct heater, and a piston-type pump to provide hydraulic pressure for
duct heater exhaust nozzle and reverser-suppressor clamshell operation.
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Power command inputs from the airframe to the control are mechanical.
and consist of a single lever controlling forward and reverse thrust, and
a separate lever co- rolling fuel shutoff. Remote adjustment of fuel flow
ratio is provided to permit setting engine pressure ratio (EPR) in the F
maximum nonaugmented and the augmented regions.

1 8 0 
PLAS-80deg 2*2

100 120 140 V60 q,
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0 40
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Figure 1. Estimated ;.kvcr Schedulo - 1' 6445
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Figure 2. Estimated Power Lever Schedule -Fl) Ib446 ,
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The unitized control performs all the required computing functions in

one cam linkage system that responds to input signals from the aircraft and
engine. Fuel is metered to the gas generator to set the desired engine

[I| pressure ratio (EPR) for both augmented and nonaugmented operation. Fuel
is metered to the duct heater to set the desired thrust augmentation. The
duct heater exhaust nozzle is positioned to provide control of total engine
airflow. Schedules are included to sequence the reverser-suppressor
system, the high compressor inlet stator position, the compressor bleed
position, and the duct heater ignition system. Safety features are incorpo-
rated to shutoff duct fuel flow and to reduce gas generator fuel flow
automatically in the event of a duct heater flameout.

Figure I of paragraph A of this section shows a simplified representa-I- tion of the airframe inlet, the JTF17 enginL, and control system. Figure
4 of paragraph A of this section is a more detailed schematic showing the

relation of the fuel system components to the engine. The unitized con-
trol diagram is separated in segments for convenience.

The scheduled gas generator fuel flow is metered by the throttle valve,
which is positioned by the computer portion of the control in respcnse to
the input signals. A constant pressure drop is maintained across this
valve by the pressure regulating valve which bypasses excess fuel back to

pump interstage pressure.

To protect the system from excessive fuel temperature, a thermal bypass
valve is incorporated in the unitized control. With PWA 522 (Jet A, A-I)
fuel, this valve opens a supplementary bypass port wher h fuel temperature
at the control inlet exceeds 250°F for gas gei-erator f. s of less than
5000 pph and 285°F for gas generator flows greater than 5000 pph. This by-
passed fuel is returned to the aircraft system is required to prevent ex-
cessive temperature in the engine fuel system.

Fuel is metered to the gas generator burner in response to power lever
and computer sysLem inputs when the shutoff lever is in the fuel "on"
position.

Starting, accelerating, speed governing, and decelerating schedules
are used to regulate this flow to protect the engine from overtemperature
and overstress at all times. For starting and acceleration to the desired
speed, an acceleration scheduling cam is provided. The cam is translated
by engine speed and is rotated'by engine inlet temperature. The cam con-
tour provides a schedule of fuel/air ratio (Wf/Pb) that is multiplied by
primary combustor pressure, Pb, to provide fuel flows to safely accelerate
the engine in the minimum time. Overspeed protection is provided for the
compressor high speed rotor by a steep overspeed droop slope in the acceler-
ation cam. Typical schedules are shown on figure 7.

I At all power settings below those that require maximum turbine tempera-
ture, the gas generator fuel flow is regulated by a proportional governor
which senses rotor speed. This governed speed is selected by the power
lever angle and biased by engine inlet temperature. See figure 7. At idle,
the governed speed can be adjusted with a manual ground adjustment on the
control to permit trimming of engine idle speed.

1
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At steady-state maximum nonaugmented and all augmented conditions the V
gas generator fuel/air ratio is scheduled as a function of-engine inlet
temperature and compressor speed to provide the desired engine pressure
ratio. The delivered fuel can be manually adjusted to permit adjusting [
gas generator pressure ratio in the duct augmented range and maximum non-
augmented range if desired. The gas generator control fuel schedules are
illustrated by figure 7.

Acceleration Schedule

GOV DroopTt2Slp

/ If

IF PL

SII

-- ~ OvNeratig '

Deceleration Schedule

HIGH COMPRESSOR SPEED - rpm

Figure 7. Estimated Gas Generator Fuel FD 16452
Flow Schedule Bill

The compressor stators are positioned in one of two positions by a fuel
actuator. Cruise and takeoff positions are automatically scheduled as a
function of compressor high rotor speed and engine inlet temperature. See L
figure 5.

The compressor bleed actuators are positioned by pneumatic pressure
directed by an externally mounted control valve which is signalled by fluid
pressure signals from the control. Bleeds open and closed positions are
automatically scheduled as a function of compressor high rotor zpeed and
engine inlet temperature. See figure 6.

The reverser-suppressor is actuated by hydraulic fuel actuators. Take-
off and reverse position are sele-ted by power lcver-positions as shown
in figure I of paragraph B of this section. The desired duct fuel flow is

scheduled by the duct control metering valve. A throttling-type regulating
valve maintains a constant pressure drop across the metering valve. To
minimize the amount of throttling required in the control and heat rejection
to the fuel, the air supply to the duct heater turbopump is modulated to vary
pump speed to the minimum required to hold a constant pressure drop across
the complete duct fuel control metering section at all engine power settings.
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Fuel, is metered to the duct heater as a function of power lever position

and Tt2 as shown on figure 3. Power lever translates a 3D cam and Tt2
rotates the cam, the output of which is the desired duct heater fuel flow
burner pressure ratio. This ratio is multiplied by burner pressure result-
ing in a signal proportional to fuel flow being generated.

The duct heater incorporates two zones of fuel injection. Within the
unitized control, each zone is provided with a fuel shutoff valve and a
manifold rapid fill system. This latter system reduces by a significant
amount the time required for augmenter transients by providing a high rate
of fuel flow from the gas generator boost pump during the fill period. Each
zone is also provided with separate fuel pressure signals for operating the
fuel manifold dump valves.

i When the power lever is advanced beyond the maximum nonaugmentatin flat
to the minimumn duct augmentation flat, a sequencing valve in the unitized
fuel control initiates the following events: (I) the Zone I manifold dump
valve closes, (2) the Zone I rapid-fill valve opens, (3) the Zone I shut-
off valve opens, (4) the duct exhaust nozzle resets partially open, and
(5) the duct igniters are energized. Fuel is delivered to the Zone I fuel
manifold at a high flow rate until a pressure signal indicates the manifold
is full. The rapid-fill valve closes, the igniters are turned off, and
the duct exhaust nozzle reset is removed.

Ii. Further power lever advancement increases duct fuel-air ratio and duct
nozzle area on a coordinated schedule to hold the total engine airflow
constant.

If the power lever is moved to the Zone II range, the Zone II fuel
manifold dump valve is closed, the Zone II shutoff valve is opened, and
the Zone II rapid-fill valve is opened to fill the Zone II fuel manifold.
A constant fuel-air ratio is held during the Zone II rapid-fill transient.
Pressure increasing in the Zone II manifold provides a signal resulting in
closing of the rapid-fill valve and simultaneous routing of metered fuel
to the Zone.II manifold. Total duct fuel flow is divided between Zone I
and Zone II by the fuel nozzle flow characteristics. Zone II fuel ignites
spontaneously when the fuel enters the burner. Continued power lever ad-
vancement causes increased duct heater fuel flow, increased engine thrust,
and increased duct nozzle area to maintain constant engine airflow.
Maximum duct augmentation is scheduled by power lever position. Fuel flow
for quick filling of both the Zone I and Zone II fuel manifolds is suppliedfrom interstage pressure of the gas generator fuel pump. The duct heater
fuel flow schedule is shown in figure 8.

I The total corrected engine airflow is controlled as a function of Tt2
to the schedule defined in the engine specification. The airflow control
is achieved by actuating the variable duct exhaust nozzle. In the cruise
range the nominal airflow schedule may be manually adjusted by the flight
crew between maximum and minimum limits to obtain optimum inlet per-
formance. The total corrected airflow schedule, the maximum and minimum
limits, and the nominal schedule coordinated with Boeing are shown in
figure 10 of paragraph B of this section, while those coordinated with'
Lockheed are shown in figure 9 of paragraph B of this section.

t
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Figure 8. Duct Heater Fuel Flow Schedule FD 16453
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Total engine airflo- is the sum of gas generator airflow and duct air-

flow. Gas generator airflow is determined by sensing high rotor speed and
engine inlet temperature, Knowing this airflow permits determining the
duct airflow required to obtain the desired total engine airflow. There- |

fore, desired duct airflow parameter will be scheduled as a function of J
high rotor speed and engine inlet temperature, as shown on figure 4.

The duct corrected airflow is measured using the duct pressure ratio

parameter, which is the difference between fan discharge total pressure
and fart discharge static pressure divided by fan discharge total pressure, w
(Pt3-Ps3)/Pt3. This same parameter is utilized in supersonic aircraft air
induction controls. The unitized control will schedule the duct pressure
ratio necessary to obtain the desired duct airflow. The actual duct
pressure ratio will be determined by the control and compared with the

scheduled pressure ratio. The difference between the pressure ratios
initiates corrective action through a proportional plus integral servo and
a power boost servo to reposition the duct exhaust nozzle as required in a
closed loop basis to obtain the desired duct airflow.

c. Separately Mounted Components

The unitized fuel and area control system includes the following

separately mounted components:

1. Turbopump controller, w.hich regulates air supplied to the duct L

heater fuel pump by modulating a butterfly valve located in the
pump air inlet supply.

2. Two engine inlet temperature sensors which sense temperature with
"a gas-filled tube. The resultant gas pressure is transduced into
"a fluid pressure and in turn sensed by the control for use as engine
inlet temperature bias. i
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1. 3. Compressor bleed control valve, which ports compressor discharge

pressure or nacelle ambient pressure to the compressor bleed actu-
ator as signalled by the control.

[.• d. Differences Between Production and Prototype Controls

Several minor differences may exist between the prototype and pro-I duction models of the unitized fuel and area control. These differences
are tabulated below. The procurement specification will be the same for
prototype and production controls and is included in paragraph Q of chis

r. section.

1. Prototype controls will contain pressure taps, adjustments, and
schedule changing capabiltties fo- trok'ble shocting and control-
6.engine development which .will not be included in the production

2. Prototype controls are required to have the capability of either
hydromechanical or electronic computation, scheduling, and trimming
of engine total airflow and associated functions with the capa-
bility of incorporating either of the two systems on a single con- 1-

trol assembly. r
3. Prototype controls are designed with the capability of adding unit

insulation. Prototype testing may indicate that, due to high
nacelle velocities, localized control heating may occur. Partial
or total insulation can be added as necessary to prevent ex-
cessive local control t mperatures.

e. Auxiliary Subsystems

(1) Engine Fuel Control Thrust Reverser Interlock

[The purpose of this assembly is to interlock the engine fuel control
power lever and the clamshell thrust reversers in such a way that:

1 1. When in forward flight, motion of the clamshells to reverse po-
sition (closed) will return the control power lever to the idle
position.

2. When in reverse Lhrust, motion of the clamshells to the forward
flight position will return the control power lever to the idle
position.

3. It shall not be possible ti obtain forward thrust power lever
positions above idle unlesr the clemshells are in the forward
flight position.

4. It shall not be possible to obtain reverse thrust power lever
positions below idle unless the clamshells are in the reverse
position.

The above requirements are met by a combination of stops and gearing
arranged and connected so that the completed unit is a compact assembly
approximately 4 1/2 inches in diameter by 3 inches long. The unit, which

Sis self-contained, shielded from dirt and foreign matter, and easy to
service or replace, consists of a housing with the following parts (see
figure 9):
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1. A throttle pulley which is coordinated with the fuel cnnrrol by
cables.

2. A clamshell pulley which is coordinated with the motion of the
clamshell by a feedback system. This pulley is mounted on a shaft [
with the throttle pulley so that the stops on both pulleys rotate L
in the same plane and interact with each other at the proper
positions.

3. A flying wedge is geared to the clamshell pulley by planetary
gearing to amplify the wedge motion to fit the unitized fuel
and area control power lever angle requirements. This flying
wedge is located between the throttle pulley and clamshell pulley F
on the same shaft 7.z th..t the wedge rotates in the same plane with
0-e throttle pulley stops.

[I
A

.,231" Maxinsun Monesgmented

I ClentekeiI idle 1-_4tC--M "-} ..... .

MAfying Wedge e.RvreY1/ 31W Meuiniun Augmented

c • , Clenshell Travel

C D
Pull Augtmentod u Nonso mintd ldl-Clemeh*lll dle. Revere.Clm••ll O~- llhl}••pn<•yil Opl-- No Revrse A-llt~ WINed

.nd Lockod by Wede. will Rduce Throttle Throttle Availabll No Forward Throttle ClIon-d-it

Revere Mechanically to Idol if Clemrnhell Move, Until Clman helle AiiibleThrottlel toR t
to Rever.e cl oeIdle it

tCla h Pul ly Th ,tl. Pulley---- _ClShela
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/ - Iu11i /•' ! "2401:3 Tim")

Sect~on A A B Wed e ctigon Tea l

Figure 9. Throttle-Reverser Interlock Assembly FD 16436
BIll v

At the clamshell open position, the clamshell pulley stop is approxi- L
mately 8 degrees from the throttle pulley stop in idle position (figure 9,
view D). In this 8 degrees of motion, the throttle signals the clamshells
to close (revarse), which in turn moves the clamshell stop counter clock-
wise (figure 9, view E). If the clamshells do not move, the stop remains
in position and the throttle can no longer continue in the reverse thrust
direction.

In the full reverse condition (figure 9, view F), the clamshell stop

is clear of the throttle stop. Motion of the clamshell toward the open
position causes the clamshell stop to move clockwise, contacting the throttle F
stop and pushing the stop to the idle position.

BIIID-1O
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During forward flight with the clamshells open, the flying wedge is at
the full forward position (figure 9, view B and C) clear of all forward
flight throttle stop positions. Motion of the clamshell toward the re-
verse position causes the clamshell stop to move counterclockwise (figure
9, view E), contracting the throttle stop and pushing the stop to the idle
position.

When the clamshells are closed, the flying wedge is at the throttle
stop idle position, preventing the throttle from being moved in the for-
ward thrust direction until the clamshells are opened.

- (2) Duct Airflow Sensing Probes

Total and static duct air pressure must be sensed as accurately and
with as fast a response as possible because these signals are used to
control the duct corrected airflow, which must be held within close
tolerances to ensure aircraft engine compatibility.

(a) Total Pressure Pickups

"-' A Kiel probe, shown in figure 10, is a scaled-up version of "off-the-
shelf" probes that are used extensively for airflow measurement. The Kiel
probe consists of a probe rotated 900 from the flange such that the open

* end faces the oncoming air. The probe is surrounded by an annular tube-
like shield, which is approximately two probe diameters across, protrudes
approximately two probe diameters upstream of the probe end, and extends
past the 90-degree probe bend.

Airflow I

L

Figure 10. Kiel Total Pressure Probe FD 14741
Bill

(b) Static Pressure Pickups

I Several wall static tap configurations were considered. Two holes
0.100 inch in diameter were found to produce the desired response and noise

I characteristics.
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(3) Secondary Air Control System

A system is being provided to control the secoadary airflow bypassed
through ducts around the engine from the engine inlet to the ejector.
This system. is utilized on the Boeing engine only. The requirements of

this control system are:

I. The secondary airflow bypass ducts must be cloned to prevent re-
circulation of engine exhaust gases whenever the pressure in the
ejector is greater than the pressure at the inlet of the engine.
This occurs during takeoff, landing, and reverse operations. i

2. The secondary airflow bypass ducts must be open sufficiently to

provide cooling airflow to the ejector whenever the ejector blow-
in doors are closed and the engine is being operated at maximum
duct heat conditions.

3. At cruise conditions, an airflow equal to approximately 27. of the
total engine corrected airflow is bypassed to optimize eje-toi'
performance.

The system chosen to fulfill the above requirements zc•sists uo six
ducL* etda incorporating a check valve to prevent reverse flow. Four of
the ducts will also incorporate butterfly valves, which are positioned by
two position actuators. A valve in the unitized fuel and area control
will direct fuel pressure to the actuatorb to position the butterfly valves L
in two of the ducts to the closed position as a function of compressor
inlet temperature. Another valve will be incorporated in the control which
will direct fuel pressure to the two remaining actuators to close the
butterfly valves as a function of shut-off lever position. This functionK
will be performed by crew c-tion at cruise conditions. The unitized con-

trol will incorporate an interlock to prevent closing the bypass ducts
when engine power is in excess of 807. of maximum augmented thrust. This [
interlock will prevent inadvertent closing of the bypass ducts when the
duct heater is operating at a condition which would overtemperature the
ejector. The resulting bypass airflow schedule will be as shown in 1
figure 11.

The Lockheed engine incorporates check valves in the reverser-
suppressor aft of the engine rear mount ring that close to prevent re-

circulation of exhaust gases whenever ejector pressure is higher than
engine inlet air pressure. This is the only secondary airflow control
provision required on the Lockheed engine.

(4) Duct Nozzle Feedback

The duct nozzle feedback system, illustrated in figure 12, incorpo-
rates a push rod which connects to the duct nozzle synchronizing ring.
The motion of the push rod is converted to rotary motion near the duct
nozzle and this motion is then carried forward to the unitized fuel and L
area control by a pulley-cable system. The bearings being used in this
system are the result of an extensive development effort on the J58 engine
to obtain a satisfactory bearing for the cable system between the main and [
afterburner controls. The bearing raceý, are made of a cobalt alloy having

a high hardness and the internal radial clearance and inner and outer
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raceway curvature have been increased ov-r that of a normal bearing to
improve the bearing tolerance to operating in a hot, contaminated environ-
ment.

10=• .0"

• 0 .0 aton0 Automat

S•" 2. ! Cruise Requirement
Z 2.0

f Optimum PerformancL

0 2 Ducts Open

0"00 100 200 300 400 500 600 700

COMPRESSOR INLET TEMPERATURE, Tt 2 - ' 71

Figure Ii. JTF17 Estimated Performance Actual FD 17145

Secondary Airflow Schedule - Bill
Boeing Configuration

Rotary-to-Linear Differential

SCable -Linear-to-Rotary Differential

Clearance Hole
Through Case

-To Unitized Fuel
and Arez Control

Nozzle Synchronizing Ring:/

Figure 12. JTF17 Duct Heater Exhaust FD 16862
Nozzle Feedback System BI11

2. Design Objectives

The unitirsd fuel and area control for the JTF17 engine will be de-

signed to meet the following objectives:

1. To provide the required control of the engine throughout the flight
envelope without exceeding the operating limits of the engine and
to provide the necessary compatibility with the airframe inlet

BIIID-13
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2. To provide a system which permits normal opetetion to be conducted
with simplicity throughout the opert;.g range of the engine

3. To pxtvide'the limiting features necessary to maintain safe engine
operation during emergencies 4

4. To perform the necessary functions without exceeding acceptable
weight and volume requirements

5. To provide a unit capable of rapid replacement on the engine and
of being readily maintained and overhauled with normally replaced
parts designed for ease of fabrication and low cost

6. To be capable of development into a unit that has durability
equivalent to or better than current commercial aircraft turbine
engine controla

3. Unitized Fuel and Area Control Design Requirements

Specific design requirements for the JTF17 control are Lased on past
Pratt & Whitney Aircraft commercial and high Mach number experience.
Procurement Specification PWA-PPS-JI12 describes the technical require-
ments of the control and is summarized in paragraph Q of this section. The
following are the design requirements for the control.

1. The control will operate with fluid conforming to P"A 522
(Jet A, A-1) and PWA Specification 533, the commercial aircraft
turbine engine fuel recommended for use with the JTFI7 engine.

2. The control will provide the engine with the proper schedules.
Typical schedule requirements are shown in the following figures:
figures I and 2 present the gas generator speed and maximum wf/Pb
schedule for 59 0 F Tt2 for forward and rever6e mode operation
respectively, and figure 3 presents the 59°F T,2 duct heater fuel
and nozzle schedule. Figure 4 presents the duct heater pressure
ratio schedule for 59"F Tt2. Figures 5 and 6 give the compressor
Lct guide vane and compressor bleed schedules respectively.

3. The contiol will schedule gas generator fuel over the range of
the flight envelope between the engine acceleration and decelera-
tion limits. Maximum gas generator fuel flow will be 30,000 pph,
and minimum ;as generator fuel flow will be 1200 pph.

4. The control will operate satisfactorily with a rate of change of
inlet fuel temperature of 180°F per minute from -65 to 370°F fuel
temperature.

5. The control normal operating fuel pressures are as Follows:

Item Range

Pump inlet 5 to 50 psig
Pump interstage 5 to 225 psig
Gas generator control inlet 160 to 900 psig
Duct heater control inlet 120 to 1200 psig
Hydraulic supply 1500 to 1750 psig
Ambient pressure 2 to 38 psia $4

S'L
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6. The control burst fuel pressures are as follows:

Item Pressure, psig

Pump inlet 125
Pump interstage 450
Gas generator control inlet 2025
Duct heater control inlet 2700
Hydraulic supply 3950

[ Tests to demonstrate this requirement will be performed by the
vendor. Burst pressure proof tests to destruction will be
performed on a production fabricated unit.I:]

7. The control will operate satisfactorily for 80 hours with fuel
contaminated by 8 grams of foreign natter per 1000 gallons with[ the following particle size composition:

Particle Size - Microns Percent of Total

0 - 5 0 - 5 39+ 2 by weight
5 - 10 5 - 10 18 ± 3 by welqht
10 - 20 10 - 20 16 3 by weight
20 - 40 20 - 40 18 3 by weight
Over 40 Over 40 9 ± 3 by weight
Through a 200-mesh screen 100 by weight

8. The control will operate satisfactorily over the range of steady
state ambient temperature from -70 to 575 0 F and the range of'
pressure from 3.0 to 38 psia.

9. The operating life of the control will be a 50,000-hour housing
life, with design target weights as follows:

Item Weight, lb

jUnitized control 120
Duct heater pump contrIller 10

-Compressor inlet temperature sensors 3
jCompressor bleed control valve 3

10. The control will be ý.elf-purging of any entrapped air or vapor,
and will prevent any accumulation of water or vapor in any air
pressure sense line or control bellows installed on the engine'.

11. All parts of the contrcl requiring routine service checking,
adjustment, or replacement while on the engine must be readily
accessible, including fuel screens and filters and the ad 4ust-
ments listed below:

[
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1I. Idle speed l
2. Start bleed actuation speed

3. Duct fuel flow ratio
4. Gas generator meter AP
5. Duct heater meter AP
6. Power lever indexing adjustment

7. Cutoff lever indexing adjustment
8. Maximum gas generator fuel flow ratio
9. Duct heater AP/P schedule

12. Design requirements for the control input parameters will be as [
follows:

Input Variable Range Units

High rot r speed (N2 ) 0 to 8800 rpm
Engine inlet temperature (TT 2 ) -70 to 650 OF
Power lever angle 0 to 320 degrees
Shutoff lever angle 0 to 90 degrees
Duct nozzle area 0 to 7 in. actuator travel
Burner pressure (Pb) 3 to 265 psia [
Duct inlet total pressure (Pt 3 ) 6 to 60 psia

Duct inlet static pressure (Ps3) 5 to 50 psia [
13. Duct heater fuel flow requirements will vary between 800 pph

minimum and 90,000 pph maximum. Duct heater lightoff will
occur at a fuel/air ratio of 0.002 to provide duct heater
lightoff characteristics consistent with the characteristics I
programmed into the analog, which showed excellent lightoff
compatibility with the inlet system.

14. Duct heater nozzle area will modulate over an area from 12.0
to 3.5 square feet. Control of the nozzle will be implemented
by the nominal power lever schedule and biased as indicated by
the duct heater pressure ratio.

15. Control of compressor bleeds, compressor inlet guide vanes, [
and reverser-suppressor will be provided. Bleed and-vane
schedules will be automatic, and the reverser-suppressor
schedule will be integrated with the power lever. I

16. Safety features and interlocks to be incorporated will:

i. Prevent rotor overspeed by sensing high rotor speed and re-
ducing fuel flow if overspeed occurs

2. Sense increased duct airflow, which could result from a duct
heater blowout, and shutoff duct heater fuel flow and reduce
gas generator fuel flow to prevent low rotor overspeed

3. Provide redu:idant engine inlet temperature sensors for improved
reliability

4. Provide interlocks with the reverser-suppressor as defined in
Repoit B, Section II, paragraph F of this volume.

4. Unitized Fuel and Area Control Design Criteria [

BIIID-16
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S some design criteria for the JTF17 control are as follows:

1. Bellows and springs will be designed for 100,000,000 normalII operating cycles and 1,000,000 maximum transient cycles.
2. The design stress for steel parts will not exceed that stress

which is equivalent to 1,000,000 fatigue cycles. The design
stress for aluminum parts will not exceed that stress which is
equivalent to 100,000,000 fatigue cycles.

3. Rotating pilot valves will turn at a maximum of 2000 rpm except
where performance is improved by higher speed. The lower speeds[ will reduce pilot valve load and wear.

4. Servo systems will be designed to produce a minimum of 25 pounds
force, nonrotating valves will be designed for a maximum motivat-
ing force of 10 pounds, and rotating valves will be designed for a
maximum motivating force of 3 pounds.

5. All conventional straight screw threads will conform to MIL-S-8879,
which incorporates a controlled root radius. This thread con-
figuration has proved during the J58 program to be superior for
high Mach number applications.

6. Each control will be designed to withstand 1.5 times normal*1 operating pressure without any performance loss and to withstand
a burst pressure 1.5 times proof pressure without fracture or
sufficient deforration to cause an external leak. Burst pressure
will be demonstrated on a production fabricated unit.

7. Control flow passages will be designed to prevent accumulation of
entrained contamination. Consideration will also be given to pre-
vention of entrained contamination affecting control performai.ce
by selective layout of flow passages, design and location of servo
bleeds, and force washing of servos.

[ 5. Materials Summary

The materials to be used in the unitized fuel and area control were
selected on the basis of the successful experience which has been obtained
on the J58 and TF30 engines and are shown in table 1. Changes from this
list will be made only after thorough analysis of JTF17 requirements.

[ Table 1. Unitized Fuel and Area Control Materials

Material Typical Usage

RR 350 (Hiduminium) Hydraulic housings, covers,
fuel manifolds

AMS 5616 Linkages, sleeves, pins
AMS 5508 Brackets
AMS 5673 Springs
AMS 5630 Cams, cam followers
AMS 5673 Springs
AMS 7245 Inserts
AMS 5591 Tubing
AMS 5625 Bolts
A 286 Screws
Kentanium K 162B Wear plates
Carboloy 44A Wear plates
Teflon, Miplon Seals
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early in the program, including primarily cast steel, fabricated steel,
fabricated titanium, cast aluminum, and forged aluminum. The major cri-
teria used to evaluate the relative advantages of each of these materials [
were life, weight, and cost effectiveness. In analytically evaluating
the life of the housing materials, particular attention was given to
time-temperature estimates of the environment and to the stress, creep,
and fatigue characteristics of the material. A rigid thermodynamic study
was conducted on a typical housing section, using the various combinations
of fuel temperature, environmental air temperature, air velocity, and.
housing material. As a result accurate values of skin temperature, seal I
temperature, and temperature profile were determined. With these char-
acteristics established, it was possible to start at a desired housing
life, establish allowable stress levels for each material, and work back II
to a housing configuration.

As the housing detail continued to evolve from these studies, and
the schematic concept and arrangement of the control became well enough [

established, the most promising materials and techniques were each used
in detailing a typical control housing for weight and cost evaluation.
As housing detailing commenced, two facts became evident. These were [
(I) the higher allowable stresses of steel could not always be achieved

because of necessary casting and fabricating tolerances, and (2) many
sealing areas in steel and titanium housings were inherently heavier
than aluminum because seal temperatures required the use of metallic
seals rather than the elastomeric seals used with aluminum. Although a
great deal of study was directed toward fabricated housings, which proved
to be extremely competitive with aluminum on a weight basis, the initial [
cost and repair and modification cost eliminated fabricated housings from
consideration for this particular application. [

The conclusion of the housing material study was to use aluminum
housings cast from a high temperature alloy, RR 350 (Hiduminium). A
properly designed aluminum housing has definite advantages in weight,
cost, repairability, and sealing techniques, as well as being able to
meet the life requirements with a wide margin.

The procurement specification for the unitized control required P&WA [
approval prior to using certain stainless steels, that become brittle
when heat-treated. An example is AMS 5630, a material which has proved

to be very satisfactory for cams. Use of the material will be permitted I
if means are used to ensure that the part will not be subjected to
excessive impact loads. The snecification also requires similar approval
prior to the use of copper or copper alloys because of the detrimental
effect of the element on the thermal stability of turbine engine fuels.

Both unitized control vendors have conducted tests on high temper-
ature elastomeric compounds which meet the environmental and pressure I
requirements to be encountered in the supersonic transport application.
Hamilton Standard has a proprietory fluorosilicon compound which will
be used in static seal lucations. Bendix is using a fluorocarbon com-
pound seal, which is performing satisfactorily in the initial experi-
mental JTF17 engine. Both vendors will use a glass-filled fluorocar-
bon for dynamic seal applications. [
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The control will permanently capture in close-fitting chambers "0"

ring type seals to prevent seal fretting from pressure pulsations or

Sthe seals being pulled out of grooves by high velocity fuel. These
problems have been encountered in current commercial controls and have
been eliminated by close control of seal chamber sizes.

Several design concepts are being reviewed regarding a method to
incorporate steel inserts into the aluminum castings to permit the use
of steel fittings and metal gaskets for the plumbing connections. These[ concepts are shown in figure 13.

[ Aluminum Housing

Insert Threaded with
Epoxy Seal to Housing

S -Steel Insert

Aluminum
- -Housing

Seal

Insert Threaded with

Typical Gasket and Internal Seal

Insert Installation
,,Seel Insert

II Aluminum Housing-..-

[ Insert Cast into Housing

Figure 13. Design Concepts for Incorporating FD 16749
Control Component Plumbing Connections Bill

6. Design Approach and Status

a a. General

The control for a duct-burning turbofan engine for use on a super-
sonic transport aircraft has been under study by P&WA in accordance
with Government contracts since 1961. Two fuel control vendors, Hamilton
Standard of United Aircraft Corporation and Bendix Products, Aerospace
Division, were contracted by P&WA to assist in the study program.

The initial work performed on a control system for a SST engine con-
sisted of evaluating several modes of contrul and selecting the best of
these modes for further investigation. A preliminary purchase specifi-
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cation was written for the unitized fuel and area control and was pro-
vided to the two fuel control vendors. The work initially performed
by the vendors consisted of three parts:

1. Performing a design study of the control defined by the pre-
liminary purchase specification to obtain a schematic diagram
of a unit which is capable of being tdeveloped into a flight-
worthy unit.

2. Studying the concept of incorporating all the functions required
of the gas generator control system and the duct heater control
system into a single package.

3. Initiating programs to investigate, design and develop new
design concepts which might be applicable to a control for
a supersonic transport engine.

Both Hamilton Standard and Bendix generated schematic diagrams, 4
external configuration drawings, and preliminary internal configuration
drawings. This work was supported by computer effort which helped to1
define both general and specific requirements for the control.

Both vendors conrluded that the unitized control concept has definite
advantage over the multiple control concept. This subject is discussed
in more detail later in this section. r

Additional data are presented in paragraph C of this Section cover- .4 1
ing the analytical and computer work performed to define the control
configuration.

b. Hydromerhanical Selection

The design approach selected fur the unitized fuel and area control
defined a hydromechanical component that utilizes fuel supplied by the
engine fuel pumps for operating the computing and scheduling mechanisms.
This approach was selected to make maximum use of the unequalled experi-
ence with this type of control that P&WA and the two control vendors
have accumulated. The materials, techniques, and experience gained in
development of housings, seals, bearings, and environmental compensation
to satisfy the higher temperature and altitude requirements of the J58
and the extended usage requirements of commercial airline operation will
be used in the design program for the unitized control.

The Mach 3 experience has clearly shown which areas of engine con-
trols will require extensive development effort to obtain a satisfactory
design. The major cause of the problems, which will be in addition to
those normally expected for an engine control system for commercial
application, will be the increased ambient air and fuel temperatures
which will be encountered. Incidents were encountered in the J58
program in which control accuracy, stability, and durability were
decreased by the elevated temperatures.

Variations in fuel temperatures affect such items as spring loads,
lever deflections, fuel metering within a closed loop servo, and casting
growth. All of these items can decrease the accuracy of control output
functions if the proper elimination of or compensation for these varia-
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Stions is not provided. Both Hamilton Standard and Bendix have gained
considerable experience relative to such compensations; this experience
will be applied to the design of the unitized fuel and area control andr will have a definite effect on the development program of the control.
Similar accuracy variations can also be encountered as the result of

housing growth as a function of ambient air temperature changes. Once
t again, these effects will be minimized by proper design.

L Elevated temperature operation durability problems encountered in

the J58 program were overcome by utilization of different materials,
incorporation of hardened inserts at critical wear points, reduced fabri-
cation tolerance for critical dimensions, and improved and more closely
controlled quality control procedures. This last item became evident

( |during the early production phase of the J58 control program. All of
L the techniques developed during the J58 program to obtain improved con-

trol system durability will be directly applied to the design of the[ •unitized fuel and area control.

The experience obtained from the J58 program will be utilized by
implementing the following specific considerations into the design of
the unitized control, thereby providing a firm base toward obtaining
the desired reliability and durability goals:

1. The critical computing portions of the control will not[- carry any of the mounting or plumbing loads and will be
supported entirely by internal members and enclosed by
fuel containing vessels.

2. Bolts with a hardness in excess of 38 Rockwell C will not
be used due to susceptibility to stress corrosion. Attempts
will be made for all screws with the same threpd size to be
the same or sufficiently different in length to insure that
the screws cannot be misused.

3. Seals will have low installation forces. Metal chevron seals
will not be used for dynamic applications. Elastomeric seals
of a high-temperature fluorosilicone or fluoricarbon compound
will be used where seal temperatures will be less than 5000 F.

4. Adequate wall sections to maintain stresses and deflections
within safe limits will be preferred over ribbed sections
since uniform sections are easier to fabricate and less
susceptible to high stress concentrations due to pressure
loading or thermal gradients.

5. Housing temperatures will be maintained at desired values
byinternal fuel cooling with care being taken to ensure
this fuel does not impinge upon control linkages to cause
scheduling errors. If housing temperatures cannot be maintained,
as demonstrated by component and engine testing, external thermal
insulation will be considered.

6. External servo tubes or fitting standpipes brazed into the
control housing will not be used.

7. Sensing compressor inlet temperature and transducing the signal
to a fuel pressure will be accomplished on a redundant basis.

8. Servos will be fabricated as modules, where possible, to permit
individual calibrations and prevent erroneous servo performance
which might result from unequal thermal effects. A servo piston
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will not operate in a bore that is common to two housings. Means U
will be provided to measure servo piston travel during bench
calibrations, where practical.

9. Large hard-surface cams will be used to provide signal-to-error
ratios as high as possible. Wear points of linkage systems will a
incorporate hardened inserts for bearings to minimize wear. Also,
linkage systems will incorporate ball bearings at the critical
pivot points. Linkage system design will be directed toward
obtaining links that have as little deflection as possible.

10. Replaceable sleeves for major valves and pistons will be.
utilized, facilitating required changes and replacement due j
to excessive wear and improving the system maintainability.
Retention of such sleeves will be adequate to prevent movement
that results in erroneous control performance.

11. Materials susceptible to stress corrosion will be used with
extreme caution. Chrome surface rubbing on another chrome
surface will be avoided. Deep nitriding for case hardening
will be discouraged due to susceptibility to chipping. Liquid
nitriding will be the preferred method of case hardening.

12. The system will be designed to tolerate fluctuations in the
reference and supply pressures. Presaure signals will cover
as large a range as possible to maintaln the signal-to-noise [
ratio as high as possible.

13. Fine grit vnpor Masting his Lee.. beneficial in deburring r
sliding or rotating steel parts and will be used extensively. 1

14. Half-ball valves, spool valves, and servos of the null position
type will have all parts grounded to a coimmon surface so that
thermal gradients do not cause a change in null location. [

15. Pressure regulating valves will have variable sensitivity con-
trolled by the contour of the port or valve so that stability F'
and control of pressure is uniform over a large turndown ratio. L

16. Servo system loops will be closed at the final output of the
servo when possible to keep servo accuracy at an optimum.

17. Temperature-sensitive devices used for compensating for changes
in fuel density will be located so that the fuel sample is [
typical of that which is passing through the metering valve.

18. The engine inlet temperature sensor will have a time constant
goal of 3 seconds or less to ensure control scheduling accu- 1
racies are maintained during transient operating conditions.

In addition to its high Mach number experience, P&WA will use its
commercial aircraft turbine engine experience as a source of data rel-
ative to the performance of fuel controls that have been subjected to
high time operation. Maintenance and overhaul conferences are held [
on an annual basis by airline representatives and P&WA to cover turbine
engine accessories and components. Data from such conferences and

other meetings with airline representatives have indicated problem
areas that have been encountered on current commercial fuel controls.
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The following specific considerations will be utilized in the design
of the control based on this commercial operating experience:

1. Sufficient filtration capability will be provided. The
need to control the radial position of a screen or filter
so that a shadow from a seam does not affect control perform-
ance will be eliminated. All leakage past critical parts
will be filtered fuel.

2. The design of metering valves and/or lands will ensure that
the metering will occur at the desired location. Pressure

* pickup points for the metering head pressure sensor will be
well defined machined areas to ensure that conristency exists
between controls.

3. The number of bellows assemblies will be kept to a minimum.
Fabrication of the bellows will be reviewed to determine
the need for fabrication in an inert atmosphere to prevent
corrosion.

4. Carbon faced seals on shafts will be protected from direct
flow of contaminated fuel by the use of shielding or by the
"design of the seal location to obtain the desired life.

S5. A prime design objective will be to locate adjustments and
filt-e- so that they are readily accessible. Locking means,
other than safety wire, for the nuts or screws which retain
filter covers will be considered to facilitate rapid removal
and installation of the filters. Care will be exercised in
this design to assure thet locking reliability is not ita-
paired by repeated usage and extreme temperatures.

, 6. Loaded snap rings will not be used. Other snap rings shall
be retained to ensure that the ring does not come out inad-
vertently.

7. The use of laminated shims will not be permitted.
8. External plumbing connections will not be locatee along the

sides of the control adjacent to the nacelle wall or engine

castings.
9. Rigging pins for accurately defining certain power lever shaft

positions will be incorporated as a permanent part of the control.

10. Power lever shaft seals will be the carbon face type.
Diametrical clearance with elastomeric seals will be used only
if temperature permits. All shaft seals will be doubled with
an overboard drain between the inboard and outboard seal.

11. Forced lubrication of the drive spline and improved control
of gearbox drive pad machining is planned to eliminate
excessive drive spline wear.

12. Ice acc'-=ulation in cavities for bellows will be eliminated by
designing the cavity to drain through the pressure sense line,
thus eliminating fuel scheduling errors that result from the
ice preventing proper sense bellows operation.

13. The use of hardened inserts at critical wear points in linkage
systems will be utilized to eliminate a cause of output
schedule shifts.

Throughout the development program of the unitized control, reviews
will be held to learn of the additional experience obtained from the J58
engine and commercial aircraft turbine engines and thereby keep abreast
of new developments that might affect the design of the unitized control.
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The selection of the hydromechanical type of unitized fuel and arear,
control has the following advantages:

I. Implementation of design concepts into physical hardware of I
this type has been accomplished for many successful aircraft
turbine engine controls.

2. Controls of this type are currently, cn an operational basis
and are being subjected to additional extreme environmental
conditions, providing a known base from which to judge other
types of controls.

3. Advancements in design and packaging have resulted in a high 1
density compact control capable of being developed into areliable unit providing many desirable features relative to

maintainability.
4. Inclusion of the control into airlines overhaul facilities

can be readily accomplished since the component is the same
type as the controls currently being handled by the facilities. U

c. Unitized 6ntrol Concept

Prior to the initial phase of the supersonic transport program I
sponsored by the Federal Aviation Authority, the concept of incorporating
all the major functions required of an engine control system into a
single package rather than a number of individual controls was conceived.
A reduction in total size and weight was believed to be possible with such
a concept. As part of the Phase I work performed on the supersonic
transport program, P&WA subcontracted with Hamilton Standard and Bendix
to conduct studies to determine the feasibility and the advantages and
disadvantages of such a concept.

The study revealed a significant reduction in weight, a significant
improvement inureliability, simplification of the system, and cost re-
ductions could be realized by utilizing the unitized control concept. The
saving is the result of elimination of duplicate servos for parameters such
as engine pressures and compressor inlet temperature; reduced quantity of [
plumbing, associated fittings, and support brackets; and reduced total
casting volume. A comparative weight study was made at that time between
the estimatedi weight of the unitized control for a supersonic transport U
engine application and the actual weight of the equivalent components and
interconnecting plnmbing for the TF30 engine control system.' The unitized
control weight was approximately 30% less than the TF30 control system L
even with the need for the greatly increased flow requirements for the
supersonic application.

Separate controls require numerous additional hydraulic lines and
connections that always are potential sources of fuel leakage. The
unitized control, as currently defined, requires 31 connections to other
parts of the engine or airframe (3 lever or pulley connections, 23 fuel
connections, 3 pneumatic connections, 1 speed input, and 1 electricUl
connection). For this mode of control to be accomplished with two major
components, namely the gas generator control and the duct beater fuel and
nozzle control, the total number of connections would be 46. This i
breaks down to 5 lever or pulley connections, 33 fuel connections, 4 pneu-
matic connections, 2 speed inputs, and 2 electrical connections. F
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The decision to utilize a unitized fuel and area control instead
of separate controls for the supersonic transport application was made
early in the study program. As additional personnel became active in
the program, the comparison was reviewed and re-reviewed with the same
conclusions being reached each time: the unitized concept will result in
a considerable saving of weight and space with the resultant simplification
and increased reliability. Figure 14 shows a comparison between the
Hamilton Standard unitized fuel and area control and the equivalent
components for the J58 engine (the pictures have a one-to-one relationship
relative to size).

J58 Fuel and Area Controls

JTF17 Unitzed Fuel and Area Control

Figure 14. JTF17 Unitized Fuel and Area Control FD 16747
Compared to Equivalent J58 Fuel Controls Bill.
(Comparative Size Scale 1:1)

The unitized concept reduces the number of parts in the control
system, which results in a marked improvement in reliability and reduces
the maintenance. A reliability comparison was made between the two
control concepts by applying data directly from commercial turbine engine
fuel control experience with no allowances being made for the change in
operating environmental conditions. Such data were considered valid for
comparative purposes, but not for absolute level values. The comparison
revealed the reliability of th! unitized control to be approximately 36%"
"better than that of the separate control system. The reason for this is
the larger reduction in overall complexity achieved by using the unitized
concept. Table 2 presents a summary of this comparison. This improved
reliability should greatly improve the overall reliability of the control
system.
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Table 2. Reliability Comparison

Uncorrected Failure Rate (Estimated)
(Failures/l06 Hours)

Component Unitized Control Separate Controls

Main Duct Area

Remote Tt 2 Sensor 14 14
Tt2 Servo 8.5 8.5 8.5

Pt4 Sensor Servo 15.5 15.5 15.5

Speed Sensor and Servo 9 9 9

PRV 12.5 12.5
RU Servo and Pilot Valve 5 5

Rate Limit Valve 1 1

Fan Blow-out Valves 2 2 K
Light-off Valves (2) 2 2

Fail Safe SOV 1 1 4

T.V. 12.5 12.5

PRV 11.5 12.5

AP/P SeT 10.5 10.5

AP/P Int ,rating Piston 4.0 4.0 1

Area Pilot Valve and Servo 4 4

AP/P Servo and Pilot Valve 6 9

Bleed Act. Pilot Valve 1 1
AP/P Reset Piston 1 1

N Arming Signal 1 1

Subtotal 122.0 61.5 97.5
t

Add 55% for seals 67.1 33.8 53.5 j

Add 67% for 81.7 41.2 65.5

linkage wear -

Component total 270.8 136.5 216.5

System total 270.8 353.0

d. Rapid Replacement Concept -

A design goal to replace a unitized fuel and area control on an
engine within a 30-minute period resulted in the rapid replacement I
concept. This concept requires that all fuel connections to the control
pass tbrough a single plane. Fuel seals for this parting surface will
'be retained by a seal plate, with any seal being replaceable in the

plate in the event the seal is damaged. All electrical connections to
the control enter through one connector. However, the pneumatic
connections to the control, of which there are three, were maintained as
individual connections to provide the ability to ensure air leakage is not
encountered. The rotory inputs to the control, such as power lever,
shutoff lever, exhaust nozzle area feedback, and high rotor speed, in-
corporate means which permit quick removal of the control. The concept
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has been~reviewed by both unitized control vendors and has resulted in
control packaging concepts which meet the design goal. This concept not
only reduces time required to change the control, but reduces maintenance
cost and greatly increases overhaul bench utilization. The tooling
necessary to replace the unitized control on an installed engine will be
designed.

e.. Servo Modules

Another design concept which has been utilized from the initial
phase of the unitized control study is the utilization of servo modules.
These modules are complete closed-loop servos that can be assembled and

calibrated as a subassembly unit. This concept has enabled both vendors
to obtain servo arrangement and packaging that is compatible with both
the unitized and quick disconnect concepts. Calibration of these modules
as subassemblies will provide definite reductions in development effort
and calibration times, which in turn will improve the maintainability and
reduce overhaul time and cost of the unit. A design goal that is part
of this concept is to utilize the same parts in several modules, thereby[ improving the reliability and logistical aspects of the control.

f. Piston, Valve and Bore Design

[The design of pistons and the bores in which they operate will utilize
I. the extensive experience accumulated from the J58 engine. Close clearance

metal-to-metal fits with adequate concentricity control, proper material
selection, and vapor blasting of each surface has proved to be reliable.
Similar requirements also have been proved necessary for rotating pilot
valves. Experience has shown that hot fuel testing prior to control

acceptance has been proved as a means to detect roor quaiity parts.

[Production facilities and techniques have b'-n developed over the past
eight years which allow the economical and rell b"e manufacture of these
valves 2nd pistons. Moreover, design techniques have evolved which make
it possible to produce difficult and variable system characteristics from
a single valve.

g. Linkage Systems

The qup-tion of pivot and bearing life in linkage- systems is
primarily a question of contact stress and relatixa motion - a lightly
loaded, quiet, slow moving pivot system will last indefinitely, but a
heavily loaded, vibrating pivot system can be subject to rapid wear.
The initial approach is to avoid designing excessive stresses intl a
pivot, particularly where the system requires a high gain and more or less
contiauous motion. In the event that a pivot must carry a faiily high
contact stress, for example where point contact is desirable, then hardened

I carbide inserts will be employed to assure long life.

The same considerations as described above alsc apply to cam con-

tours and cam followers. A great deal of experience has been accumulated
using through-hardened AMS-5630 cams traced by AMS-5630 rolling ball
followers. Successrul experience dictateq follower diameters, cam rise
angles, and contact stresses. Because of the tremendous number of hours

S1 of commerical experience using these techniques and the successful
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application of these techniques to other high temperature environments,
no new difficulties are foreseen for the supersonic transport application.

h. Fuel Filtration

Suitable wash type servo flow filters for gas generator and duct
heater servo flows will be provided to retain contamination of the size
that might otherwise cause a control malfunction. The servo filters will U
have a check valve type bypass feature; if the filter becomes plugged due
to excessive contamination or icing, the control will not be starved of
servo pressure. The filter bypass system design will prevent entrance of II
the accumulated contaminant into the control during bypassing cn-ditions.
The control will also incorporate full flow filters of 20-mesh filtration
at the inlet to both the gas generator and duct heater fuel scheduling
býstems. Installation, removal, and identification of the filter will be
in accordance with present commercial practice. The design will ensure
that removal of the filter will not leave accumulated contaminant in the
control.

i. Airflow Control

The hydromechanical techniques used for the closed loop airflow
control are based on experience with similar airflow controls on supersonic
aircraft inlets. The required tolerance for the control of JTF17 engine
airflow for compatibility with the airframe inlet, based on inlet-engine
dynamic simulation studies, can be achieved with the hydromechanical control.
However, should compatibility testing with actual hardware show that closer
control is required, and alternative control with improved accuracy must
be available.

Studies have been conducted to evaluate alternative ways of accom-
plishing the improved accuracy that may be required. These studies
have indicated that an engine mounted airflow computer using digital
electronic techniques offers significant accuracy advantages. [

Vendor designs of the unitized fuel and area control include an
alternate digital electronic assembly, which is mounted on the unitized
fuel and area control, to provide airflow control. To accomplish this,[
the prototype unitized fuel control will be designed to have an inter-
face so that the hydromechanical airflow module can be removed and the
electronic airflow module installed to work with the same basic
hydromechanical unitized fuel and area control. The electronic hard-
ware will be constructed and evaluated on a test program paralleling the
hydromechanical hardware program. The decision as to the type of unit
to be incorporated in production engines will be made in the prototype
phase on the basis of experience with actual hardware during both ground
and flight inlet-engine compatibility testing.

J. Development Plan

The overall development plan to be used for the unitized fuel and
area control will consist of basically the same steps and procedures that
have been used successfully for similar controls for previous engines.
The initial step is the preparation of a control procurement specifi-
cation which is submitted to the vendors to be used as the basis of their
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proposals. The choice of vendors requested to submit proposals is based
on proved ability to produce similar components. The proposals submitted
"by the vendors will be evaluated, and a vendor will be selected upon
conclusion of the P&WA evaluation. Vendor selection for the unitized
fuel and area eontrol will be completed during Phase Il-C.

Upon selection of the control vendor, the procedure to be used
for working with the vendor will follow the project engineering for-
mat that is used for engiae development. Coordination meetings will be
held on a continuing basis with the vendor to be certain the requirements
specified in the control procurement specification are being met
satisfactorily. In addition to these meetings, communications with the
vendor will be maintained on a daily basis by letters of transmittal
and telephone conversations. The procurement specification defines per-
formance, design, installation, reliability, maintainability, safety,
quality control, production, and service requirements. The communications
with the vendor will ensure that these requirements are met at the
appropriate time within the development program. Direction by P&WA of the
vendor program will be continued throughout the complete development
program. The parts list of the control which successfully completes
the engine FTS will be released for use on the prototype JTF17 engine.
The parts list of the control which successfully completes the engine
type certification test will be released for use on production JTF17
engine.

Any subsequent changes are subject to a formal engineering change
procedure that is defined by P&WA specifications. Such changes will
be developed and substantiated as directed by the P&WA project engineer.
Vendor procedures are discussed in more detail in Volume V, Report C,

Section VI of this proposal.

k. Unitized Control Status

The requirements for unitized fuel and area control have been defined
as the result of the analytical and computer effort described in
Report B, Section III, paragraph C of this proposal. This definition
is provided in PWA-PPS-JI12, the purchase specification for the control,
a summary of which is presented in paragraph Q of this section. The speci-
fication has been provided to both Hamilton Standard and Bendix for
use in submitting proposals to design, fabricate, and develop the control.

Hamilton Standard and Bendix have maintained parallel programs

during Phase II-C and are essentially at the same point. Schematic
diagrams have been generated and show the basic concepts which would
be used to implement the control. Numerous layout drawings have been
made by both concerns to show the concepts are feasible. This is
particularly true relative to pac!'aging the control to meet the rapidI replacement concept. Considerable effort has been expended on analytical
studies to further implement the design of the control. As the require-
ments and concepts for the control changed, as the result of the continuing
studies performed by P&WA, both vendors updated their efforts as required
to remain current in the overall program.

I
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Hamilton Standard and Bendix have submitted proposals to P&WA

covering the unitized fuel and area control, and evaluation of the pro-

possls is in process. Each proposal is being studied in detail, both
on its own merit and on a comparative basis: At the conclusion of these
studies, a vendor will be chosen. The selection will be based on the
overall technical approach that best demonstrates an understanding of the
problem and best fulfills the requirements set forth in the purchase
specification, as well as on overall costs of the development program
and projected costs of prototype and production units. Vendor selection
will be made before the end of Phase II-C, and the selected vendor will
start detail design immediately on Phase III go-ahead.

7. Design Concepts Layout Drawings

a. Bendix Drawings U,

The following figures present typical layout drawings prepared by

Bendix to show the design concepts planned for particular areas:

(i) Figure 15

This figure shows the design of the pilot valve which controls the
pressure to the reverser-suppressor actuators. The pilot valve is shown
in the forward thrust position with Pfo pressure being supplied to port "A". [
The valve will be actuated by a high pressure being supplied to Pfx, causing
the valve to translate, and Pfh pressure being supplied to port "A", which
will operate the reverser-suppressor actuators. This basic pilot valve E
design will also be used for controlling the high compressor inlet stators.
Refer to figure 1, Appendix B for definition of the pressures in figures
15 and 16. [

A Pfg P6.

Figure 15. Reverser-Suppressor Control Valve FD 17146
Layout (Unitized Fuel and Area BIll
Control Bendix) F

(2) Figure 16

This figure shows the design of the pilot valve which controls the
hydraulic pressures to the duct exhaust nozzle actuators. This valve will
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be hydraulically positioned by the small ball valve at the left end of
the pilot valve, the ball valve controlling the servo pressure at the right
end of the pilot valve.

PfnC Pfo Pfg 58 dog

P fhfandandhfnb m in

PfncwwPfn

h fhr ~Pth, Pihr, Pfnc, Pfno 0.078dimn

Figure 16. Duct Heater Exhaust Nozzle Control FD 17147
Valve Layout (Unitized Fuel and BIll
Area Control - Bendix)

[ (3) Figure 17

This figure shows the duct heater fuel metering valve and pressure
regulator valve that will be fabricated and tested during the latter por-
tion of Phase II-C. The metering valve is in the Jeft end of the fixture
and the regulating valve is in the right end.

InPut Fuel In .-.. Fuel Out

Metering Window-/. .. _

Metering Valve -Throttling Valve

Metering Valve Pressure Drop Adju.tmen

I
Figure 17. Duct Heater Fuel Metering Valve FD 17148

4 and Throttling Valve (Unitized Fuel
and Area Control - Bendix)

I(4) Figure 18

This figure shows the installation drawing of the Bendix unitized
fuel and area control which incorporates the quick-disconnec' concept.
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Figure 18. JTF17 Engine Unitized Fuel and Area Control Installation Layout -Bendix
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[b. Hamilton Standard Drawings

The following figures present typical layout drawings prepared by
Hamilton Standard to show the design concepts planned for particular
areas:

[ (1) Figure 19

This figure shows the arrangement of the major parts of the gas gener-[ ator fuel metering system and other components in the same area.

(2) Fiaure 20

This figure shows the arrangement of the fuel metering details for
the duct heater system.

S(3) Figure 21

This figure shows the basic design and relative locations of the two
shutoff valves in the duct heater fuel system.

(4) Figure 22

This figure presents a concept for locating several servos within the
gas generator computing section and part of the accompanying linkage system.

[
Throttle Valve

[
Pd Regulator Fuel to Shutoff Valve heck Valve

SSys~~~~~~item r ragmn ntzdB

IIID3

F Return to Pump
Reunto Tank

£ Thermal Eypass

IGV alve Preaaure Regulating

[ Main Flow Inlet

Figure 19. Gas Generator Fuel Metering ED 17152
System Arrangement (Unitized BIll[ Fuel and Area Control - Hamilton Standard)
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Pesr Regltng Throttle

Fuel Inlet

Figure 20. Duct Heater Fuel Meteriag System FD 17150

Arrangement (Unitized Fuel and Bill I
Area Control - Hamilton Standard)

Pump Interstag [-
Pump Ii Rapid Fill Val uel from Throttle Valve

S-Shutoff Valve

Zone I
/-Shutoff Valve

Circulating Flows Valve PressUrValve CRegulating
Valvee Shown at Zone 1 (Rf Sheet 2)
Rapid Fill Condition

Figure 21. Duct Heater Fuel Shutoff Arrangement FD 17151 E
(Unitized Fuel and Area Control - BIlE

Hamilton Standard)
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Main Throttle Valve

Computer Housing
Inside Envelope Feedback Lever Speed Servo

Multiplying
Linkage P,4 Sensor Power Tt Servo

Lever Module
Power Lever

4Main Tbrflttle Valve Servo Piston
Pilot Valve

Section A-A

Figre 2.Hans GenerStandrd)muigScto D74
Figre22.GaUGnitzdFerao Copuin SreaCtion F B7ll9

(Uni"tize Fuetanda AerCndo) Bl

(5) Figure 23

This figure shows a mockup of the cas,9'rv cores required in the hydraulic
housing of the control.

(6) Figure 24

This figure shows the installation drawing of the Hamilton Standard
unitized fuel and area control.

Duct Heater Fuel
Filter Bore Gas Generator7Fuel Filter Bore--,

-"'-Rapid Replacement
Parting Surfaze

Figure 23. Hydraulic Casting Cores Mockup FD 16739
(Unitized Fuel and Area Control -Bill

,Hamilton Stan.dard)
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f(7) Figure 25

This figure shows the mounting plate used with the Hamilton Standard
L unitized control.

8. Anticipated Problem Areas

The program for the unitized fuel and area control will encounter
problems that will require a significant amount of development effort toSeliminate. These problems are the result of the particular implementa-
tion of a concept, whether the concept is new or has been utilized in
numerous other controls. The design of the control will utilize the

r experience obtained from previous control development programs. However,IL the following problem areas may still be encountered:

I. Rotating pilot valve life: Optimum pilot valve diametral
clearance and materials will be determined through extensive
endurance testing, particularly with hot fuel.

2. Optimum rotating pilot valve damping: A compromise between
pilot valve response and servo stability will be determinedI for each of the various servos in the system.

3. Compensation for temperature effects on servo linkages and fluid
viscosity to attain the desired servo accuracies: Hot fuel and
ambient testing will empirically correct any errors in the calcu-
lated compensation required.

4. Main gas generator and duct heater metering valve pressure regu-
lating valves sensitivity to flow and back pressure: Flow sensi-
tivity which adversely affects metered fuel accuracy will be
corrected with regulating valve contour changes resulting from
empirical, analytical, and test data.

5. Duct airflow computer and duct nozzle control response and
stability: Extensive dynamic bench testing and engine testing
will be conducted to obtain satisfactory system performance.

6. Metering valve differential pressure sensor fuel temperature
compensation: Fuel flow distribution will be investigated to
assure that the fuel temperatures being imposed on the sensor
are indicative of the fuel passing through the metering valve.

7. Servo linkage bending: 1.eight-accuracy compromises will be
determined from empirical accuracy measurements.

8. System pressure fluctuations affecting main gas generator,I duct metered fuel flow, and duct nozzle stability: Complete
system component interaction resulting in system pressure
fluctuations will be studied with the complete control system
on the engine.

BIIID-41
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SE. ENGINE PRESSURE RATIO (EPR) CONTROL

1. Reason for Control

SStudies being conducted in Phase II-C •o determine suitable power
setting parameters for the JTFI7 engine have shown engine pressure ratio
(EPR) to be an excellent indication of nonaugmented thrust. Refer to
Volume III, Report A for discussion of in-flight power setting. Analog
simulations of takeoff and cruise power setting requirements have con-
firmed the usefulness of this parameter for power setting of both non-
augmented and augmented thrust. Although another parameter must be used
to determine augmenter-lit thrust output, EPR will be the basic gas
generator output indicator and as such it must be maintained within pre-
established limits by the flight crew.

Recommended thrust setting procedures for the JTF17 engine, outlined
in paragraph B, will call for use of EPR as the only engine parameter in
setting nonaugmented thrust, and as one of two engine parameters in
setting augmented thrust; augmented thrust will be set by a combination
of EPR and total fuel flow. At any flight and engine condition the value
of EPR required to set a desired th'. t will be available to the flight
crew in table and curve form.

If no EPR control is used, manual EPR trim adjustments by the flight
crew are necessitated by three factors:

I. The unitized fuel control will be programmied to control fuel
flow so as to produce a nominal EPR schedule when power lever
is in a full nonaugmented position or above. Any deviations
caused by control tolerances of the open loop hydromechanical
unitized fuel control may be compensated for by manual adjust-
ments by the flight crew.

2. The nominal EPR schedule used for fuel scheduling purposes
represents the EPR required for an engine with fixed accessory
loading and fixed compressor aircraft air bleed. Any deviation
of these factors causes a change of EPR requirements that must
be compensated for by the flight crew.

3. EPR must be adjusted at takeoff to compensate for airport
altitude and again at the start of climb.

Use of the EPR control essentially eliminates the requirement for
manual adjustments due to control system tolerances and adjustments due
to changes in accessory loading, and compressor air bleed (items 1 and
2 above), although adjustments will still be required due to airport
altitude at takeoff and climb (item 3 above). Therefore, overall mag-
nitude and frequency of adjustments will be significantly reduced. A
vernier knob marked "EPR Adjust" is available for EPR control schedule

I adjustments.

The airframe-mounted EPR control will be offered to the airlines as
optional equipment. It is not required for satisfactory engine operation,
but will reduce the flight crew load.

BIIIE-l
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2. Description I
The EPR Control is an airframe-mounted, digital electronic, all solid

state device that is designed to operate as a closed loop around the 0
unitized fuel control.

Figure 1 shows the general control layout and its external electrical
connections. Inputs to the EPR Control will be from engine mounted tem-
perature probes and from a manual vernier labeled "EPR Adjust" available
to the flight crew. Output action will be accomrplished by energizing an
electric motor mounted on the unitized fuel control.

Engine- Airframe
Interface

Engine Engine Airframe
Islet Temperature EPR Conto

Rsetance Probe Control Logic
Exhaust Gas Temperature

Thermoe2ople Probe

Figure 1. EPR Control Black Diagram ED 17155 C
Bill

Figure 2 is a more detailed logic diagram.,

The EPR control will schedule a level of exhaust gas temperature which
will maintain desired EPR within narrow limits. Adjustments to the nomi-
nal EPR schedule may be made by the flight crew by adjusting the "EPR
Adjust" vernier knob.

• t2•Nominal + Desired

Integral

Error Shaping [
Nominal EGTAdjutmentScheduled to Give Adju=stmenato IP
Nominal EPR No I Setting Motor

Manual EPR |
Adjust Signalr-- ---Adjut SinalLogic. Yes if PLA|

A Authorization
Tt? Actual EGT-Signal is Present |

PL =PLA Authoriration Signal i
PLPLA

Figure 2. EPR Control Logic Schematic PD 17154
BIll
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Figure 3 shows a photograph of a similar device being developed for
J58 applications. Figure 4 shows a cutaway view of the same J58 device.
Figure 5 is a photograph showing the mechanical construction and illustra-
ting the small size of electronic subassemblies utilized in the J58 pro-
gram.

[)

SFigure 3. Mockup of J58 Digital EPR Control FE 61306

T BIII

[

-..,. "'

":• 1:30 in

i3.8 in[

Figure 4. Sketch of J58 Digital EPR Control FD 17156
BIIIE -3 BillI CONFIDENTIAL
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Figure 5. Typical Microcircuit Assembly FD 17153

BIII

A "push-to-check" feature is being studied that will show equipment •
readiness for use and a manual over-ride switch will be provided.

3. Design Objectives

The design objectives for the EPR control are:

1. Reliability must be equivalent to the reliability of the hydro-

mechanical control componentA.
2. Control must be capable of controlling EPR with sufficient

accuracy to significantly reduce the need for flight crew
adjustments to the system.

--3. Control should provide protection against turbine over-tempera-
ture.

4. Design Requirements T

1. The EPR Control shall hold the requested EPR schedule within a :
tolerance of t 0.01.

2. The control shall operate satisfactorily at the ambient tem-
peratures, pressures, and vibration levels consistent with the•

airframe environment. Specifically, the control shall operate
satisfactorily in the environment as defined by MIL-STD-810 and ,
MIL-E-5400 (Class II) and as defined by specific P&WA environ-

mental specifications.
3. The power required shall not exceed 20 volt amp.
4-. The volume shall not exceed 90 cubic inches.
5 . The weight shall not exceed six pounds.-

BIIIE-4
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5. Design Approach and Status

1 . The EPR Control has an "authority" (i.e. range) slightly larger
than the estimated tolerance band of the open loop hydromechani-
cal unitized fuel control. Over this range it can effectively
remove the tolerance errors of the control.

2. The EPR control utilizes exhaust gas temperature (EGT) as the
controlling parameter. EGT is uniquely related to EPR and the
desired schedule can be defined to a high degree of accuracyI on an EGT basis. EGT has advantages as a scheduling parameter
in that it automatically schedules changes in allowable EPR
to compensate for changes in accessory loading and aircraft
compressor bleed air.

3. Airframe mounting was selected because state-of-the-art elec-
tronics can be utilized with a minimum of development effort.

4. The solid state digital system was chosen because of its basic
computational accuracy, small size, low weight, and reliability.

5. The design is based upon development of a similar control for
the J58 application. The following summary shows the P&WA
experience with controls of this design:

AIRFRAME MOUNTED EPR CONTROLS

Phase Vendor Description Status

Flyable P&WA Electromechanical Initiated 1963. Seven
breadboard (Analog) units constructed. Engine

and Flight Evaluation Tests
successfully completed in
1964.

Prototype and Honeywell Electromechanical Initiated 1965. Three of
limited (Analog) fifteen units delivered.
production Undergoing qualification

tests and engine evalua-I tion tests.

Flyable HSD Electronic-Solid Initiated 1965. Three
breadboard State (Digital) units delivered in 1966.

Undergoing engine e.7lua-
tion.

I Prototype and HSD Electronic-Solid In proposal form. Present
limited State (Digital) plans call for purchase of
production several units in 1966.i
The design of this system is being coordinated with control vendors
that have had experience with engine controls as well as with
development of electronic components. These vendors are Hamilton
Standard Division, United Aircraft Corporation, and Eclipse-
Pioneer Division, Bendix Corporation. Both of these vendors have had

BIIIE-5
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prior experience in designing and constructing electronic closed loop
controls and both have had experience in the electronic and fuel con-
trol fields. E

P&WA Purchase Specification PPS-J-113, which defined the t..Abnical
requirements for the EPR Control,J has been furnished to both vendors and
is available from FRDC upon request. HSD has bhed a preliminary de-'
sign of the solid state digital device on a confi. uration under develop-

ment for J58 applications. (See figure 3.) Rela6vely minor changes to
the circuit were required to meet JTFl7 requirements. Bendix has pro- ft
duced preliminary design layouts based on PIWA requirements.

Technical proposals will be available in Phase II-C. Selection of 0%4
a vendor will take place in Phase II-C and vendor work will be initiated
immediately after start of Phase III.

6. Anticipated Problem Areas Ef
Most of the problem areas have been solved by the extensive J58

engine development program. Remaining problem areas are discussed below:

1. Engine Yemperature Probes and Electrical Harnesses
Engine temperature and electrical harnesses are discussed in
detail in Volume III, Report B, Section II of this proposal.

2. Mechanical Construction of Electrical AssembliesI
The mechanical construction of electrical assemblies will be

improved by use of high density integrated circuits that require
few inter-connecting leads.

7. Fest Program

A detailed description of the development test plan and test schedule
for the EPR control is included in the Component Test and Certification i
Plan of this proposal, Volume III, Report E, Section II.

LI
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F. GAS GENERATOR FUEL PUMP

[r 1. Description

The gas generator pump is an engine-driven two-stage unit that
incorporates a centrifugal boost stage in series with a single high
pressure gear stage. The boost element supplies fuel to the high
pressure gear stage, the hydraulic pump inlet, the duct manifold
quick fill system, and the ignition excite.s for cooling. The high
pressure stage supplies fuel to the unitized control where it is
properly metered before being injected into the gas generator com-
bustor. A small amount of this flow is also used by the unitized
control computer section to power hydraulic servos and generate
hydraulic signals. A schematic of the pump is shown in figure 1.

200-Meah Strainer Strainer Bypass Val"

Dischad 1 Prt. eure • mp.I1]" Bypas Val.

GeliefVa•r Step Inl•

After Filter~. K Preure Tap

'i 25, MicronSOi Cootler'L YTH

I Da -*Hyal ic

Discharge to Cont~rol-' SCHEMATIC

CROSS SECTION

Figure 1. Gas Generator Fuel Pump Representation FD 16M88
BIll

A 25-micron filter is incorporated at the boost stage discharge,* and a 200-meFh screen is located within the hydraulic and control
by-pass return flow path to the gear stage, the unitized control, and

the fuel injection nozzles. Bypass valves are licated in parallel
with each of the filters to provide a flow path if the filters become
contaminated. An indicator is incorporated which produces a visual indication
if the 25-micron filter pressure drop approaches the bypass condition.

I
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A bypass valve is incorporated in parallel with the boost stage
that opens in the event of impeller blockage to provide a low restric-
tion flow path to the high pressure section. This will permit the
pump to continue to operate on the main stage alone.

A relief valve is included at the pump discharge which opens to
prevent excessive pump discharge pressure in event of a downstream
malfunction.

Two fuel outlets are provided on the pump. One is connected to
the unitized control through the fuel oil cooler and the other outlet
is connected to the control through a flow divider valve.

The flow divider valve directs total pump disbharge flow through
the fuel-oil cooler until the pressure drop across the cooler reaches
30 psi. All additional flow beyond that required to maintain the 30
psi is bypassed directly to the unitized control. This scheme._ reduces
the cize of the cooler and associated plumbing, resulting in a total
system weight reduction.

Instrumentation pressure taps are provided at the pump inlet, filter
inlet, filter discharge, and gear stage discharge. These pressure taps
may be used to obtain signals for cockpit instrumentation.

The pump drive spline is lubricated by oil supplied under pressure
from the engine oil system.

The pump design includes a quick disconnect adaptor plate to which all
the external fuel connections, except the main inlet, are made. This
feature permits the pump to be removed from the engine without discon-
necting the associated plumbing, to assure the pump can be replaced on
an installed engine in less than 30 minutes.

This particular type of pump has been selected to utilize P&WA's
experience with cosmmercial and military jet engines including the high
Mach number J58 engine.

A mockup photograph and an installation layout are included as
figures 2 and 3.

2. Design Objectives

The design objectives for the gas generator fuel pump are:

I. To require minimum field maintenance and be replaceable on
an installed engine within 30 minutes

2. To be overhaulable at existing facilities without elaborate
tooling

3. To have a TBO equal to or greater than that of the engine
4. To have a mean-time-between-failure and charge!.le premature

removal rate consistent with current commercial applications
S. To minimize develcpment and production costs by utilizing

previous development experience, economical manufacturing
techniques, and materials that are inexpensive yet suitable
for the purpose

BIIIF-2
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Volume III6. To be of the lightest weight possible consistent with therequirements of maintainability, reliability, durability
and safety

7. To incorporate an adequate margin of safety even in eventof malfunction or failure8. To meet the performance requirements of the engine through-out the complete operating range, including emergency
conditions

9. To provide growth potential through minor modifications
without sacrificing current efficiency.

f

1.s

Figure 2. Gas Generator Frel Pump FE 60046

Bill
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3. Design Requirements

I r Procurement Specification J107 describes the technical requirements
L of the gas generator fuel pump and is available from the FRDC upon

request.

l [ Some of the more significant requirements are:

1. Fuel compatibility: The pump is designed for normal operation
with PWA 522 (Jet A, A-I) and PWA 533 aviation kerosene

2. Fuel inlet pressure: The pump will operate satisfactorily
under normal operating conditions with a minimum fuel inlet
pressure of 5.0 psi above the true vapor pressure of the fuelA and a maximum pressure of 50 psig. Under emergency conditions,
with the aircraft boost pumps inoperative, the pump will
operate for at least 10 hours with a vapor liquid ratio of
0.45.

3. Fuel inlet temperature: The pump is capable of operating
within a fuel inlet temperature range between that temperature
corresponding to 12 centistokes viscosity and a maximum
temperature of 3100 F.

4. Fuel discharge flow: The pump is capable of delivering fuel
flow to 40,000 pph.

5. Ambient temperature: The pump will operate continuously
within an ambient air temperature range of -651F to 5750 F,
with intermittent duty to 6500 F.

6. Fuel leakage: There will be no external fuel leakage from
the pump and a maximum overboard drain fuel seepage of 10
drops per minute.

7. Fuel contamination: The pump will operate satisfactorily for
a minimum of 80 hours on fuel containing the following
contaminant:

I Particle Size Microns Percent of Total

0-5 39 + 2 by weight
5-10 18 T 3 by weight
I 1
10-20 16 + 3 by weight20-40 18 T 3 by weight

Over 40 9 T 3 by weight
Through a 200-mesh screen 100 by weight

8. Maximum operating speed: The maximum operating speed willJ be 4800 rpm.

4. Design Criteria

1 1. Housings: The major pump housings will consist of high tem-
perature aluminum alloy castings designed for 7000-psi
maximum stress. The material has a yield strength of 14,000
psi at 6000 F. The aluminum used in current pump housings
has a 14 ,000-psi yield strength at approximately 3750F.

BIIIF-7
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2. Pumping Gears: The high pressure pumping elemert will use

a set of 12-tooth gears. Production and development expe- II
I rience indicated the use of a 12-tooth gear pumping element

will provide the best performance and pump life.
3. Gear Bearings: The pumping gear bearings are radially loaded LI

to 650 psi. Present pumps have an average of 750 psi and the
normal design limit is 1000 psi.

4. Impeller: The impeller will be of cast construction with back-
venting. Back-venting the impeller reduces the thrust bearing
loads. The impeller thrust bearing has a design load of 25C
psi and incorporates cooling grooves on the journal diameter
and the thrust face.

5. Seals: The shaft seal consists of a copper impregnated
graphite body. The seal face is positively loaded against
a highly machined flat surface on the drive shaft. This 1
seal configuration, which is used on other commercial and
high Mach number military applicatious, lends itseli well to
misalignment and varying loads.

6. Drive Shaft: The pump drive shaft is designed with a safety
factor of 4. To improve shaft life, the drive spline is chrome
plated and the splines are designed for 2:1 shear factor. The
drive spline design wear factor is 1.3:1 compared to present
designs with 1:1 wear factors.

5. Materials Summary C-
Typical materials used in the gas generator pump are identified in

the following table: U'
Part Material

Housings Cast RR 350.Hiduminium
Impeller Cast RR 350 Hiduminium
Pumping gears M-4 Tool Steel or

AMS 6470 Nitroloy E
Pumping gear bearings Leaded bronze
Shafts AMS 6470 Nitroloy
Shaft seal Pure Carbon Co., P59BH eopper-

impregnated graphite

6. Design Approach

This type of gas generator fuel pump has been selected to best
utilize previous P&WA commercial and military engine experience. Similar
pumps have been used on all P&WA turbine engines including the J58. The
extreme temperature gradients across components of an engine in super-
sonic flight require emphasis on component housing design and on seal
and bolt design to prevent leakage. The materials, techniques, and
experience gained in the development of housings, seals, bearings, and
pumping elements to satisfy the rigid requirements of the J58 will be
used to assure the successful development of the pump.

J58 experien-e will be used to choose suitable materials and designs
to preclude early wear problems in gears, journals, and bearings. For

BIIIF-8

............. i



I CONFIDENTIAL bw
PWA FP 66-100

Volume III

example, a typical J58 pump development problem was gear "scuffing" at
high fuel temperatures. The problem solution resuired a material change
and a revised tooth form, both of which will be incorporated in the JTFU
design. P&WA experience in the sealing and lubrication of high temper-
ature rotating shafts will be used in directing the vendor to A reliable
drive shaft and seal design. Forced lubrication of the drive spline will
be used to prevent excessive wear.

Chandler Evans Corporation, Thompson Ramo Woolridge, Inc., and PESCO
have submitted proposals that include analytical and test data; layouts;
descriptions; weight; cost; and reliability and durability estimates for
the gas generator pump. These proposals are currently being evaluated
with respect to the require ts stated above and also with respect to

more detailed requirem of the procurement specification. This
evaluation procedure will c inue, and a selection will be made prior to
the end of Phase II-C. A co! act with the chosen vendor will then be
negotiated and work will proc, in accordance with the procurement
specification at the Phase III,-ahead.

7. Anticipated Problem Areas

Previous experience indicates that considerable development effort
will be required to prevent excessive wear of the drive splines,
bearings, and pumping gears. Pressure lubrication of the drive spline
and accurate control of drive pae alignment will be used to minimize
the drive spline wear problem. Wear-resisting materials such as M-4
Tool Steel and AMS 6470 Nitroloy will be used to achieve maximum pump-
ing gear life. Bearing loading will be minimized to provide longer life.

Boost impeller thrust bearing wear, resulting from variations in
thrust loading, has been a problem in the past. Provisions for measuring
impeller thrust are being incorporated into experimental and production
pumps to establish the optimum thrust balance configuration and to ensure
acceptable limits in all manufactured pumps.

8. Development Test Plan

I A detailed description of the development test plan and test schedule
is included in the Component TesL Certification Plan of this proposal,

j Volume III, Report E, Section II.

I

I
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G. DUCT HEATER FUEL PUMP

1. Description

The duct heater fuel pump supplies fuel, through the unitized fuel
control and the fuel injection system, to the duct heater combustor where
it is burned to produce thrust augmentation. A cross section drawing of
the FSD unit is shown in figure 1. The pump assembly consists of an
inducer boosted centrifugal pumping element that is driven by an axial
flow air turbine. Use of this variable speed capability permits operation
of the pump at reduced speed for most of the flight regime. The speed is
modulated to produce only the pressure rise necessary to provide the duct
heater fuel flow required for the specific altitude and Mach number condi-
tions. The principle benefit of this system over a gearbox driven pump,
which must be. operated at higher than the required speed for most of the
flight regime, is the significant reduction in heat added to the fuel by
the pump. Secondary benefits are improved reliability and durability
resulting from the reduction in operating time at maximum speed and stress.

L.

I411
FO

Figure 1. HSD Duct Heater Fuel Pump FD 13508A
SCross Section Bill

Turbine drive air is supplied from the compressor discharge bleed
"manifold and is regulated by a duct pump controller. This centroller
varies pump speed as required to produce only the output pressure demanded
by the fuel control. The pump controller is described as part of the uni-S~tized control in paragraph D.

Overspeed protection is provided by a vortex venturi at the turbine
discharge. This device, which does not require moving parts or a pump
speed sensor, aerodynamically limits pump overspeed by creating a back

L pressure at the turbine discharge if an overspeed condition develops,
thereby reducing the available turbine horsepower. Increased turbine[ discharge swirl angle associated with overspeed initiates a vortex that

BIIIG-I
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produces an aerodynamic restriction to turbine discharge air flow. Tests
of a substantially identical vortex venturi used on the J58 engine after-
burner pump have demonstrated positive overspeed protection when all load
is suddenly removed from the turbine.

The centrifugal pumping element is driven directly by the turbine
through an interconnecting shaft. Fuel is force fed into the impeller by
an inducer located upstream in the fuel inlet housing. The inducer is
driven at one-sixth of turbine speed by a planetary-geared drive. The
1ov speed inducer provides excellent pumping characteristics at very low
fuel inlet pressure levels. -)'

Fuel is used to lubricate and cool and bearings, seals, and inducer
speed reduction gears. This feature eliminates the need for an external
oil supply and scavenge system, and also precludes the possibility of
depleting or diluting the engine oil supply in the event of a turbine end
or impeller end shaft seal failure.

An alternative design proposed by Thompson Ramo Wooldridge is a
similar type of pump except that the air turbine has been replaced by a r
Roots air motor and the upstream inducer is driven at one-half of the
impeller speed. Aerodynamic overspeed limiting is utilized in this design
also; however, it is necessary to generate the vortex discharge flow by
exhausting the air tangentially into the vortex chamber.

A mockup photograph and an installation layout of the Hamilton
Standard turbopump are included in figures 2 and 3.

p /

J_45

Figure 2. lED Duct Heater Fuel Pump Mockup FE 55706
BIll
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i 2. Desiýa. Cbjectives

The design objectives for the duct heater fuel pump are:

1. To require minlwuu, field maintenance and be replaceable on an
installed engine within 30 minutes

2. To be overhaulable without difficulty at existing facilities
with standard tooling

3. To have a TBO equal to or greater than the engine
4. To have a mean-time-between-failure and chargeable premiature

removal rate consistent with current commercial applications
5. To minimize development and prdduction costs by utilizing

T previous development experience, economical manufacturing

I techniques, and materials which are inexpensive yet suitable
for the purpose

6. To be of the lightest wIght possible consistent with the
requirements of maintainability, reliability, dur..-Liity,
and safety

7. To incorporate an adequate margin of safety even in event of
malfunction or failure

8. To meet the ýarformance requirements of the engine throughout
the complete operating range including emergency conditions

9. To prcvide growth potential through minor mcdificqtionsI without sa:rificing current efficiency.

3. Design RequirementsI
i The detailed ...- lign requirtmont- for the duct heater fuel pump are

defined in purchase ipecification PWA-PPS-JllO, which is ava'lvble from
the FRDC on request.

Some of the mcre significant requirements are:

1. Fuel compatibility: The pump is designed for operation with
PWA 522 (Jet A, A-i) and PWA 533 fuel.

2. Fuel inlet pressure: The pump will operate sat-.sfactozil\ i der
normal operating conditions with a minimum fuel inlet pressure
of 5.0 psi above the true vapor pressure of the fuel and a maxi-
mum pressure of 50 psig. Under emergency conditions, with thE
aircraft boost pumps inoperative, the pumn is designed to operateI for at least 10 hours with an inlet fuel vapor-liquid ratio o:
0.45.

3. Fuel inlet temperature: The pump is capable of operating within
a fuel inlet temperature range between that temperature corres-
ponding to 12 centistokes viscosity and a maximum of 3100 F.

4. Fuel discharge pressure: The DuMp is capable of producing fuel
discharge pressure levels throughout the flow range as scheduled
by the pump controller up to a maximum of 1150 psig.

5. Fuel discharge flow: The pump is capable of delivering cooling,
metered, and servo flow within the range of 3000 to 97,000 pph.

6. Ambient temperature: The pump rill operate continuously within
an ailhent air ter:perature range of --; F to 575 F with inter-
mittent duty to 650 F.

BIIIG-5!
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7. Fuel leakage: There will be no external leakage from the pump
and a maximum overboard drain seepage of 10 drops per minute.

8. Fuel cont".aination: The pump will operate satisfactorily for
80 hours on fuel containing the following contaminant:

Particle Size Microns Pzrzent of Total

0-5 39 t 2 by weight
5-10 18 + 3 by weight
10-20 16±t3 by weightV

20-40 18 ± 3 by weight &
Over 40 9 ± 3 by weight'

Through a 200-mesh screen 100 by weight F
9. Air contamination: The drive turbine will operate satisfactorily

when supplied with air containing three parts per mWllion of
engine lubricating oil and 0.065 grams of "fine Arizona road F
dust" per pound of air.

10. Overspeed protection: The drive turbine is positively limited
at no load conditions to 150% of maximum normal rpm.

11. Turbine burst speed: The drive turbine burst speed at maximum L
turbine inlet temperature is at least 300% of maximum normal
rpm. [

4. Design Criteria

1. Housings: The uiajor pump housings consist of castings which are
designed to operate at 30% of the material yield strength. The L
housinga are designed for 108 cycles at 10% of the maximum
operating stress level. According to current standards this
results in essentially infinite life.

2. Seals: Metalli, b.tic s!ali are u.d throughout. Twte cau .....
shaft seal is conposed cf silver-impregnated carbon backed with
a tool steel mating ri.,g. The seal face is sized for 14 psi I
maximum face pressure to achieve at least 60OC-hour durability.

3. Bolts: All bolts have rolled rather than machined threads to
reduce strec: concentration. The number of bolts and torque
limits at each location is established by the anticipated cyclic
and vibratory stresses to provide ample margin for stress
corrosion.

4. Turbine: The turbine disk and integral blades are machined from
a single forging to assure maximum integrity. The design burst
speed at maximum turbine temperature is 300% ,f manaium nor.al
rpm. The turbine low cycle fatigue design goal is 100,000 cycles.

5. Inducer and Impeller: The inducer and impeller rotors both are
investmer* castings. The inducer is driven at one-sixth of
impeller -peed to nisure cavitation-free operation.

6. Bearings: The shaft bearings are selected to meet the anticipated
radial and thrust loading. A factor of 0.1 is applied to the

beang -&I allowable loading data to compensate r*
for the reduced lubricity of the fuel.

7. Gears: The gear teeth are designed for a bending stress not to
exceed 50% of yield strength.

8. Growth Potential: A 10% flow growth has been designed into the r
pump.

BIIIG-6
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I|. 5. Materials Summary

The materials used are the same as those which have demonstrated reliable

service in the J58 afterburner turbopump and are presented below.

Part Material

Housings AMS 5362 Corrosion and Heat Resistant Steel
Shafts AMS 5616 Greek Ascoloy
Inducer and impeller AMS 5353 Corrosion and Heat Resistant SteelI Turbine PWA 1O05A Waspaloy
Bearings M50 Tool SteelI Gears AMS 6260 Wrought Alloy Steels
Bolts AMS 5735 Corrosion and Heat Resistant Steel
Static seals AMS 5508 Greek Aszoloy
Shaft seals National Carbon Cc. CDJ83 Carbon with M2f Tool Steel mating ring

6. Design Approach

The proposed duct fuel turbopump is a scaled-up version of the J58
afterburner pump with the addition of a low speed inducer to assure satis-
factory operation at very low pump inlet pressure levels.[|

The fuel and air connections have been located to offer maximum
accessibility within the available envelope. A quick disconnect is

T provided for the turbine air supply to permit replacement of the unit on
an installed engine in less than 30 minutes.

The maximum normal turbine rotor speed is 27,500 rpm. The vortex venturi
overspeed device liri. 3 turbine overspeed to 41,000 rpm under no load condi-
tions anu maximum t...Ine inlet temperature. The turbine is designed for a
burst speed in excess of 85,000 rpm. A spin test will be performed on each
turbine wheel to assure its structural integrity.

The pump assembly incorporates ceal configurations that were selected
r during the J58 engine development program and have since proved to be highly

reliable.

In the event of malfunction or complete pump failure, the most serious
Sengine effect will be loss of auginentor thrust.

,-roposals received frL,. --. I ... d and Thompson Rarno Wooldridge,
Inc. will be evaluated with respect to the requirements stateu above and
the more detailed requirements of the purchase specification. This
Pvaluation procedure will continue throughout Phase TI-C of the SST pro-
gram. Also, vendor coordination will continue as required to assure
that any changes or revisions resulting from the Phase II-C testing are
incorporated into the basic design. The duct pump vendor will be selected
prior to the end of Phase II-C, and work will continue at the start of
Phase III without interruption.

BIIIG-7I
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7. Anticipated Problem Area:

The planetary speed reduction gear train used to reduce inducer speed
is the only new feature within the pump package. Reasonable design martins
have been allowed. Early subassembly bench tests are scheduled at the
vendor facilicy to determine and correct problem areas. [

Previous experience with the J58 turbopump indicsajs that carbon shaft
seal leakage resulting from seal face wear during extended operation will
probably be encountered; therefore, an improved configuration with increased
design margin is being incorporated. A seal face pressure loading of 26
psi was used in the J58 pump design while the SST pump shaft seal loading
has been reduced to 14 psi.

8. Development Test Plan

A detail description of the development test plan and test schedule
is included in Volume III, Report E, Section II.

LL

r
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H. HYDRAULIC PUVleI

1. Description

The hydraulic pump is an engine-drixe, reciprocating multiple piston
fuel pump that is utilized to provide the engine hydraulic system with
fuel at the required flow rates with a pressure rise across the pump of
1500 psi. The pump design is based on the design of pumps successfully
qualified and used on the J58 and TF30 engines.

f Integral and proportional servo valves control the pump cam plate
to maintain the constant 1500 psi pump discharge pressure. The vari-
ation in hydraulic fuel flow necessary to position and control the diuct
nozzle area and the reverser-suppressor is met by varying the stroke of
the puip pistons.

The Bendix Corporation, Utica Division design, as a representative
design, is described below and is illustrated in figure 1. 'No rotors
that are driven and supported by a common shaft, each having nine equally
spaced pistons, are reciprocated by a common nonrotating cam plate,
through piston shoes. Auxiliary cam plates, which are loadel by rotor
springs, hold the piston shoes against th> cam plate at all times,
assisting return of the pistons during the suction strokes. The geom-
etry of the spherical cam plate face and convergent piston axes sig-
nificantly reduces the side loading applied to the pistons when they
are in the extreme retracted position. This design feature also takes
advantage of centrifugal force to help retract the pistons a'- minimizes
the pump volume by reducing the diameter of the valving interface.

The cam plate angle controls the displacement capacity of the pump.
The cam plate is supported by two trunnion bearings on an axis that is
located on a diameter of the cam plate. A shimmed stop screw limits the
maximum cam plate angle to provide the desired maximum piston displacement.

Variable delivery at constant pressure is provided by controlling

the cam plate angle with two :oncentric actuator pistons that act ir
opposition to a return spring. The spring drives the cam plate toward
full stroke and provides the required rapid response to demands for
increased fuel flow rate. The pistons respond to pump output pressure

level as sensed by their respective control valves. The two control
valves provide integral and proportional control for stable operation
and fast response throughout the required operating regime of this
application.

Each of the sensing control valves modulates Lhe pressure to its
actuator piston. The physical arrangement of the actuator pistons
provides a "summing" action without structural linkages.

The inner piston is controlled in virtually an integral action:
its control valve is nulled by only the balance of an adjustable
reference spring and the reaction of pump delivery pressure on the
end of the valve.
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Figure 1. RBendix Hydraulic Fuel Pump Cross FD 13543A
Section Bill

The outer actuator piston is controlled in a similar manner, but [
In a proportional action: its control valve senses piston position
through a feedback spring as well as delivery preesure and a reference

spring force.

The combined action of these servo-circuits is proportional in any
transient. [

Sealing and valving of th' main flcws of the pump are provided uv
ported insert plates located at the face of each rotor. [

Hydraulic pump discharge fuel flcws through an intesral, lO-•icrcl
full-flow filter, with a differential pressure actuated •:yp-s, wkic,
relieves if the pressure drop thrcueh the filter exceeds 20 psi

The external irive spline is forced-oil-lubricated by the engine
oil litbrtcation systen.

A photogri!ch nf the pump moclu7 Is &honwn in fiýura 2, and the
installation ciawing is shoun in f'gur' 3.

311II1-2
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fi 2. Design Objectives for the Hydraulic Fuel Pump

The following is a list of the design objectives for the hydraulic
fuel pump:

1. To require minimum field maintenance
2. To be replaceable on an installed engine within 30 minutes
3. To be capable of overhaul without difficulty at existing

facilities without special tooling
4. To have a TBO equal to or greater than the engine TBO
5. To have a mean-time-between-failure and chargeable premature

removal rate consistent with current commercial applications
6. To minimize development and production costs by utilization

"of previous development experience, economical manufacturing
techniques, and materials that are inexpensive yet suitable
for the purpose

7. To be of the lightest weight possible consistent with the
requirements of maintainability, reliability, durability,
and safety

8. To incor- -ate an adequate margin of safety in the event of
malfunction or failure

9. To meet the performance requirements of the engine throughout
the complete operating range including emergency conditions

10. To provide growth potentLial through minor modifications with-
out sacrificing efficiency.

•,.9

Figure 2. Bendix Hydraulic Fuel Pump Mockup FE 60047
S~Bill

BII
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Figure 3. Bendix Hydraulic Fuel Pump Installation
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- •-• 3. Design Requirements

Procurement Specification J-109 describes the technical require-
ments of the hydraulic pumn And Is available from the FRDC upon request.

1. Materials and processes: Materials and processes used in
I tb. manufacture of the pump will be of high quality and

suitable for the purpose.
2. Fuel compatibility: The pump is designed for normal opera-

tion with PWA 522 (Jet A, A-i) and PWA 533 aviation kerosene.
3. Fuel inlet pressure: The pump will operate satisfactorily

under normal operating conditions with a minimum fuel inlet
pressure of 35 psi above the true vapor pressure of the fuel
and a maximum fuel inlet pressure of 225 psia. The pump
will operate satisfactorily for a limited time with a full
inlet pressure of 10 psi above the true vapor pressure ofJ the fuel.

4. Fuel inlet temperature: The pump is capable of operating with
a fuel inlet temperature range between that temperature cor-

Sresponding to 12 centistokes viscosity and a iuaximum temper-
A ature of 325°F.

5. Fuel discharge pressure: The pump will be capable of main-
taining a nominal discharge pressure above inlet pressure of
1500 psi throughout the required flow range.

6. Pump discharge flow and speed: The pump will be capable
of delivering 55 gpm flow at the maximum rated speed of 4600 rpron.

7. Ambient temperature: The pump will operate continuously wittin
an ambient air temperature range of -65°F to 5750F with inter-
mittent duty to 650 F.

8. Fuel leakage: There will be no external leakage from the pump
and the maximum overboard drain seepage will not exceed 10 drops

'per minute.
9. Fuel contamination: The pump will operate satisfactorily for

80 hours on fuel containing the following contaminant:

Particle Size Microns Percent of Total

0-539 2 by weight
5 - 10 18 + 3 by weight
10 - 20 16 + 3 by weight
20 - 40 18'; 3 by weight
Over 40 9 + 3 by weight

Through a 200-mesh screen 100 by weight

10. Fuel filtration: The pump will incorporate a 10-micron nominal
filter at the discharge. The filter element will be accessible
for easy and rapid replacement.

11. Response characieristics: The step-input response characte'-
istics will meet the limits defined by figure 4. At steady-
state condition, the peak-to-peak discharge pressure fluctu-I ations will not exceed 80 psi at 4453 rpm.

12. Temperature rise: At a flow of 15 gpm, 4600 rpm, and with a
discharge pressure rise of 1500 psi, the temperaturs rise
across the pump will not exceed 20°F.

BIIIH-7
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Low to High Flow

Pressure

t. td

LIMITS:

Maximum Pressure Surge - 700 psi
tr- Time Response - 0.060 sec
td Total Damping Tiuie - 0.50 sec

High to Low Flow

Pressure tr

td

Note: Above response limits, assume a load

volume of 90-100 cu in., a step change
in flow of 20 gpm, and a nominal
pressure rating of 1650 paig

Figure 4. Hydraulic Pump Step-Input FD 16821
Response Limits BIll

4. Design Criteria

1. Bearings:. The thrust, pintle, and radial bearings are designed

for a minimum life of 7800 hours. This life is predicted by
the standard "Anti Friction Bearing Manufacturers Association"
method and the calculatzd value was divided by a factor of 10
to ensure a high degree of reliability.

2. Housings: The housings are designed for a minimum safety
factor of 3 in shear and 5 in tensile stress at maximum
temperature. I

3. Rotating group: The rotating group is designed for a minimum
safety factor of 2.5.

4. Bolts: Bolts are designed for a minimum safety factor of 3.
5. Springs: Springs are designed for a minimum safety factor of 2.

I
I

I

II
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5. Material Summary

ri The materials used, in general, are based on successful performance
S & in current applications and are identified below.

Part Vendor Material

Housing Bendix AMS 5355A Corrosion and Heat Resistant Steel
Vickers
Pesco RR-350 Hidumunium (aluminum alloy)

Shaft Bendix AMS 6485 Low Alloy Steel
Pesco M-2 Tool Steel[ Vickers AMS 5616 Greek Ascoloy

Part Vendor Material

Piston Bendix AMS 6485 Low Alloy Steel
Pesco Tungsten Carbide
Vickers H-13 Steel

Piston shoe Bendix Berylco-10-Silver Plated
Vickers AMS 6470 Nitroloy - Silver Plated
Pesco Tungsten Carbide

Port Plate Bendix E-135 NitroloyIesco Tungsten Carbide
Vickers M-2 Tool Steel

Piston Vickers H-13 Tool Steel
Block Pesco Tungsten Carbide

Bendix Lesco BG 42
Spring All vendors AMS 5673 Corrosion and Heat Resistant steel wire
Valve Pesco M-4 Tool Steel

Vickers M-2 Tool Steel
Bendix O07-570 (D-2)

Shaft seals All vendors P-5AG Carbon - Silver Plated

1 6. Design Approach

Proposals have been cecei-;zd from threc vendors, Bendix Utica Pesco,I and Vickers, in response to P&WA preliminary procurement speritications
for a hydraulic pump for the JTF17 engine. All three of these vendors
are experienced in the design, development, and operation of high pressure
hydraulic pumps that utilize engine fuel as the working fluid. Pumps
have been desi;nad and developed by these vendors for the J58 and TF30
engines. The pump vendor will be selected by the end of Phase II-C-1 and directed to proceed in accordance with the requirements defined
in the DLTWA procurement specifications. P&WA will then utilize the
vendor coordination procedures established through successful experi-
ence that includes engineering guidance, parallel development programs,I• scheduled conferences, and adherence to the engineering change system
defined in Volume V, Section III to design and develop the pump to pro-
vide the desired performance, reliability, and durability.

lite de~ign approach Lak,. .y the vendors is to utilize existing
qualified designs as much as possible and minimize unit loadings to

SI achieve the required pump life.

BIIIH-9
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Existing fuel hydraulic pumps operating on the J58 and TF30 engines
are qualified for application at 2500 and 3000 psi pressure rise, re-
spectively. The hydraulic pump for the JTF17 engine will operate with L
a pressure rise of 1500 psi. Both the J58 and TF30 pumps are qualified
at 350°F fuel inlet temperature; the pump for the JTF17 engine will
operate at 325 0 F fuel inlet temperature.

The reduced operating pressures and temperatures noted above will
permit development of the fuel hydraulic pump for the JTY17 engine to
a level of reliability and durability equivalent to that of the piston- [
type main fuel pumps and the aircraft hydraulic pumps currently in
airline service. r

7. Development Test Plan L
A detail description of the development test plan and test schedule

is included in the Component Test Certification Plan of this proposal,
Volume III, Report E, Section II.

B
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1. Description

The JTFl7 ignition system is composed of two fuel-cooled 400-cps

alternating current powered exciters and four shunted surface gap igniters
electrically connected to the exciters by flexibly shielded low tension
electrical cables. Each of the exciters contains two capacitance dis-
charge type independent electrical circuits. Each circuit produces a 4-

S U joule, 3000-volt electrical output to fire the igniter. One circuit
in each exciter fires a gas generator igniter while an associated circuit
fires a duct heater igniter. To extend the useful service life of the
igniters, an inductance type voltage booster is incorporated into each
circuit just prior to the exciter discharge; The exciter circuits are
shown in figure 1. The igniter electrodes and the igniter gap shunt
material will erode to some degree after extended service, causing an air
gap to be created between the electrodes and the shunting material. AnF_ increased voltage is then required to ionize the air in the gap to fire
the igniter. Under this condition, the exciter voltage output is increased

U by the voltage booster as required to fire the igniter up to 6000 volts
I. maximuw

J --- -. - -- ----

Figure t. GaA Ignition Exciter Wiring Diagram FD 16859

Also included in each exciter circuit is a voltage signal generator
that produces a signal voltage whenever the exciter delivers an output
Selectrical discharge to the igniter. The electrical signal indicates that
the exciter is transmitting spark electrical energy to the igniter and is
provided for monitor and checkout purposes. A separate aircraft switch is
required to checkout the duct heater ignition system at altitude condi-
tions prior to descent. A power lever switch in the unitized control
limits such checkcuts to minimum nonaugmented operation. Gas generator
ignition system checkout at altitude is accomplished using the aircraft
ignition switches.

BIll .-.I
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Two vendors have proposed an ignition system for use on the JTFI7 ,
engine. These vendors are General Laboratories Associates and Bendix,
Scintilla Division. A

The General Laboratories ignition system is shown on the mockup
engine in figure 2. Detail features of the components of the ignition
system are shown in figure 3 for the exciters and figures 4 and 5 for the
electrical leads. A cross section partial engine schematic, figure 6,
shows the engine installation requirement,- of the gas generatcr igniter
(figure 7) and duct heater igniter (figure 8).

A basic airframe-to-engin- ignition system electrical schematic is
shown in figure 9. This illustrates the type of system that will be used
to provide the flexibility of ignition system operation required to select
dual ignition for starting and single ignition during operating periods
when ignition "en" -'.ay b- desirable, sur- as ttkeoff and climb or descend-
ing through turbulent weather conditions. This system also permits
alternating operation of the two gas generator units to prolong servict
life under such conditions.

An automatic restart switch will be offered as optional equipment
for the gas generator ignition system. This switch is designed to auto-
matically turn on the ignition system if a flameout occurs as a result
of compressor airflow interruption induced by turbulence, ice, or foreign
object ingestion. The automatic restart switch provides the same pro-
tection to the engine as provided by manually selected continuous ignition.
This switch eliminates any need for operating the ignition system on a
continuous basis during the critical periods described above. The reduc- -

tion in use increases the service life of the ignition system with
consequent savings in overhaul costs.

SGas erera
Ignite1

Heater IgniteL

Figure 2. Ignition Installation FD 16736
BIll
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Figure 4. Gas Generator Burner Igniter FD 16847
Lead Installation BIII

LL
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Figure 5. Duct Heater Igniter Lead installation FD 16848
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Gas Generator Igniter

Duct Heater Igniter

Figure 6. Gas Generator and Duct Heater FD I47164

Igniter Engine Installation Bill

tK

Identifi-ation Marking
Champion FHE 209-1

I PWA 21217798

Figure 7, Gas Generator Igniter Aslembly 
FD 16ill

Bil
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Identification Marking

Champion FHE 210-1 1
PWA 2117800

Figure 8. Duct Heater Igniter Assembly FD 17159 1
Bill BIII

eGas Generator Igniters t Initers
-- • Exciter

SAircraft

o , __ • Ignition
Power Supply __J Switches

Ignition Sequencer -- Part of Unitized
Control

Figure 9. Ignition System Schematic FD 17157Bil!

2. Design Objectives

The design objectives of the ignition system are to define a con-

figuration that will reliably produce ignition of the fuel in both the
gas generator and the duct heater b~irner sections under all operating
conditions o• the engine throughout the flight envelope.

The system TBO goals have been established to coincide with those of

the engine with the exceptiun that the igniter may require more frequent
replacement dep-nding on service use. Particular emphasis has been given
to (1) meeting ground and flight safety requirements, (2) maintainability
goals of easy, rapid removal from the engine, and (3) minimum overhaul
cost. The system is light weight, economical, and compatible with the
asscciated engine components.

BIll 1-6 -I
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SL 3. Design Requirements

St Procurement specification J108 describes the design requirements of
the ignition exciters and electrical cables, and procurement specification
Jl17 is provided for the ignition igniters. Both specifications are
available from FRDC on request. Th4ese requirements are based on the
experience accumulated in commercial and military applications of spark
ignition systems.

[Detail design requirements are as follows:

1. The duty cycle of the gas generator system will be 10 minutes
on, 20 minutes off. The fan duct igniter normally operates
for 1.25 seconds, uut for design and substantiating test purposes

/ [a duty cycle of 2 minutes on, 3 minutes off, 2 minutes on, and
23 minutes off has been established.

2. A maximum of 500 pph of fuel flow will be used folr cooling the
exciters. The maximum fuel temperature will be 310'F.

3. The ignition system weight will be less than 26 pounds.
4. The internally pressurized (one atmosphere), hermetically

sealed exciter housing must operate satisfactorily at 80,000
feet altitude. The housing is fabricated of stainless steel
with fusion welded joints and has hermetically sealed-electrical
connections.

5. The system will be designed to prevent the possibility of fuel
leakage into the electrical system to an absolute minimum.

6. Each exciter circuit will include a spark signal generator for
use as a ground and flight monitor.

7. The system will function satisfactorily when subjected to
ambient pressure equal to sea level through 80,000 feet with
steady state ambient temgeratures from -65 F to 5750 F, inter-
mittent operation to 650 F, and engine induced vibratory fields
applied to the system.

8. Radio interference will be less than the limits specified in
MIL-E-5007B. The reduced limits of the broadband peak noise
as shown in figure 10 apply.

9. The gas generator spark repetition rate will be a minimum of
1.0 spark per second at the minimum aircraft voltage supplied
to the exciters. The duct heater rate will be 5 sparks per
second at the minimum aircraft voltage supplied to the exciters.

10. The exciter output voltage will be 2800 to 3200 volts, with
boost capability to 6000 volts. The energy level at the
igniter gap will be at least 1 Joulze. Input voltage will be[ 230 volts for the Lockheed apnlication and 200 valts-for the
Boeing application at 400 cps.
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Figure 10. Radio Broadband Interference Limits FD 17158
BIII

4. Design Criteria

Design criteria for the ignition system details are listed below:

1. Housing: The case thickness is established by radio noise
suppression requirements that provide a case wall stress
safety factor of four.

2. Electrical input npconnector: has an electrical
voltage safety factor of 4, i.e., the rated voltage is four
times the maximum operating level.

3. Inductor: The inductor coil has a temperature safety factor of
1.1.

4. Capacitor: The filter capacitor has a voltage safety factor of
2.9; the charging capacitors have a voltage safety factor of I
1.7; and the tank capacitor has a voltage safety factor of i.I.

5. Transformer: The transformer has a temperature safety factor
of i.I.

6. Rectifiers: The gas generator rectifiers have an electrical
power stress safety factor of 13, and the duct rectifiers have
a safety factor of 2.7

7. Resistors: The resistors have an electrical power safety factor I
of 2.7.

8. Discharge tube: The discharge tube is life limited by gap
erosion which is affected by the number of sparks and can be I
expressed by ignition "on" time. Based upon the normal time
"on" per engluz hour, average spark rates, and engine TBO,
the discharge tube will have a life safety factor of 3.3.

Note: Safety factor as used in this section is based on the rated
value of the particular item where satisfactory continuous oneration
has been demonstrated.

BIII 1-8 |
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i [5. Materials Summary

The materials used in the exciter are as follows:

1. Housing: AISI 430 corrosion and heat resistant steel
2. Wire: Copper with teflon insulation
3. Inductor: MIL-W-583 type ML magnetic wire
4. Transformer: Standard type with mica and asbestos paper

insulation
5. Capacitor: Aluminum foil with mica insularion
6. Discharge Tube: Glass tube enclosed tungsten tipped spark gap,

which is filled with a dry inert gas

7. Connector: 85% alumina insulation in an AMS 5610 case.

6. Design Approach

The ignition system exciter and electrical cable vendor and the igni-
ter vendor will be selected by the end of the Phase I-C program. These
vendors will be directed, at the beginning of Phase III, to proceed in
accordance with the requirements defined in the P&WA procurement specifi-
cations. P&WA will then utilize the vendor coordination procedure estab-
lished through previous experience that includes engineering guidance,
parallel development programs, and scheduled conferences to control the
vendor activities toward successful compliance to the SST JTF17 engine
system requirements.

The design approach of the two vendors is similar. Both designs utilize
~1 capacitance discharge circuits of the same basic design as currently used

on P&WA commercial engines. Both designs provide fuel cooling through the
use of a fuel cooling coil to provide separation of fuel from the electrical
components. Both vendors have accomplished heat rejection simulation tests
under maximum SST environmental conditions, which indicated that the internal
electrical components of the fuel-cooled exciter unira operate at least 10%J below the rated temperature limits.

The 3KV, 4-Joule ignition system was selected to achieve the lightest
weight and the coolest operation compatible with the SST altitude and
ambient temperatures. The shunted igniter's ability to fire is virtually
unaffected by engine burner pressure or contamination of the electrodes
by fuel or carbon type deposits. The low tension system was chosen
because of the ability of the leads and connectors to transmit the exciter
discharge voltage at the high altitude and temperature conditions of the
SST without complex pressurization and sealing methods.

This system design utilizes previous experience in establishing design

requirements for use of a nonradioactive exciter discharge tube, an
alternating current as a power source to eliminate the vibrators required
on direct current powered systems, and a fusion welded steel exciter box
to improve sealing of the unit. The spark time duration of a low tension

a ignition system is shorter than that of a high tension system and does
not require the use of the high frequency transformer coil in the dis-
charge circuit. This results in a higher peak power in the first pulse
of the spark, which increases the effectiveness of the spark in ignitingjI the fuel-air mixture of the burner.

BIll 1 -9
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The ignition leads, which represent a resistance loss in the discharge
circuits, are designed for the shortest possible length to provide maxi-
mum energy at the igniter gap.

The thermal design of the exciter takes advantage of the fact that the
electrical components can be divided into two groups which are established
by their ambient temperature limits: (1) those details that are capable Ii:
of operation in the SST environment, and (2) those that require a lower
ambient temperature. Those electrical components that require the lower
ambient temperature will be located in the exciter box in direct contact
with the fuel-cooled wall. The components that do not require any special
thermal consideration can be located internally in the exciter away from
the wall. L

The system will perfcrm satisfactorily when subjected to variations
in voltage, vibration, humidity, and and dust, acceleration, and impact
as required by the engine specifi ation. [

Subcomponent design features are as'follows:

1. Case: The exciter case is a stainless steel welded assembly
including integral external mounting brackets, input and dis-
charge electrical connectors, and subcomponent mounting partitions.
The use of weld studs and welded partitions eliminates the need
for fasteners through the case wall.

2. Filter: The radio noise filter !q an inductance type that utilizes
a reactor with a feedthrough capacitor.

3. Power transformer: The leakage reactance type power transformer
used in both the gas generator and duct burner circuits will be
molded in a module of resilqent silicone material and anchored
to the cooled wall of the exciter box.

4. Rectifiers: The rectifiers used will be the full wave, solid
state type.

5. Capacitors: The capacitors used will be made of impregnated
reconstituted mica and aluminum foil molded into a sealed stain-
less steel case. The capacitor will be designed for operation
at a voltage in excess of the actual operating voltage to
provide reliability. £

6. Discharge tube: The discharge tube is the dry gas-filled type
similar to the long life discharge tubes now used in ignition
exciters on the JT8D engine. I

7. Resistors: The current limiting resistors and the open circuit
safety resistors used will be the wire wound vitreous enamel-
coated type.

7. Anticipated Problems

Three areas of the system that require concentrated development effort
are the igniters, electrical cable insulation and connectors, and hermetic
sealing of the exciters.

Previous experience has indicated that the shunted gap igniters used
in conjunction with low tension systems are susceptible to electr6de
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erosion plus erosion and oxidation of the semiconducting material. Improved
semiconducting material with greater resistance to oxidation and erosion,
electrode materials with increased erosion resistance, and improved tip

- [cooling techniques will be developed to increase igniter life.

The sealing of the exciter to maintain an atmosphere of internal gas
pressure to provide electrical insulation within the exciter is essential
for SST high altitude ignition system operation. A welded stainless steel
package will be used that has a minimum of external connections passing

r through the housing walls. Fabrication and checkout procedures will be
developed to minimize the possibility o• system malfunction due to loss
of internal pressure.

S [ 8. Development Test Plan

A detail description of the development test plan and test schedule
for these components is included in-the Component Test and Certification
Plan, Volume III, Report E, Section II.

[
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J. FUEL MANIFOLD DRAIN VALVES

1. Description

Fuel manifold overboard drain valves are installed in the gas
generator fuel manifold and in each of the duct heater fuel manifolds
of the JTVI7 engine. These valves open'ftrer fuel shutoff to drain
residual fuel from the manifolds and nozzles and thereby prevent internal
coking. The three valves, which are all of common P&WA design, are similar
to a J58 design. They are automatically actuated by hydraulic signals
from the unitized fuel control. The valve assembly consists of a sliding
gate valve actuated by a hydraulic piston. A cross section drawing and
an external photograph of the valve are shown in figures 1 and 2.

Close Signal

[ - -

I -Drain Port

Figure 1. Fuel Manifold Drain Valve Cross FD 14829
Section BIll

Fgr 2. J58 Engine Fuel Manifold Drain Valve FD 16737
BIIl
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2. Design Objectives F'
The design objectives for the fuel manifold drain valves are:

i. To be replaceable on an installed engine within 30 minutes
2. To be quickly and easily overhaulable at existing facilities

3. To have a TBO equal to or greater than the engine
4. To have a mean-time-between-failure and chargeable premature

removal rate consistent with current commercial applications
5. To minimize development and production costs by utilizing

previous development experience, economical manufacturing
t•chniques, and materials that are inexpensive yet suitable
for the purpose

6. To be of the lightest weight possible consistent with the
requirements of maintainability, reliability, durability,
and safety

7. To provide growth potential through minor modifications.

3. Design Requirements

The detail design requirements for the valve include: I
1. Gate leakage: Overboard fuel leakage will be less than 10

drops per minute at 0 to 700 psig fuel pressure with fuel F
temperature from a minimum temperature corresponding to 12
centistokes viscosity to 4000F.

2. Shaft seal leakage: The shaft seal leakage in the valve
open position will be less than 10 drops per minute at the
same pressure and temperature conditions as in paragraph
2 above.

3. Proof pressure: The valve must withstand an internal pressure
of 1750 psig without permanent deformation.

4. Durability: The valve must function on the engine without
significant degradation for the full period of engine TBO.

5. Ambient air temperature: The valve must operate satisfac-
torily within an ambient air temperature range from -65OF
to 6500F. 1

6. Vibration and pressure fluctuations: The valve must function
normally when exposed to engine induced vibratory forces
equivalent to 10 G and fuel pressure fluctuations of 10% of
operating pressure. K

7. Fuel contamination: The valve must operate satisfactorily
for 80 hours with fuel containing the following contaminant:

Particle Size, Microns Percent of Total

0 -5 39 + 2by weight M

5 - 10 18 3 by weight
10 - 20 16 3 by weight
20 - 40 18+ 3 by weight
Over 40 9 3 by weight

Through a 200-mesh screen i00 by weight
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- 8. Fuel compatibility: The valve is designed for operation with
PWA 522 (Jet A, Al) and PWA 533 aviation kerosene.

9. Fuel inlet temperature: The valve is capable of operating
within a fuel inlet temperature range between that temperature
corresponding to 12 centistokes viscosity and a maximum of 4000 F.

[4. Design Criteria

1. Housings: The minimum housing cperating stress safety factor
is 4.

2. Seals: Metallic static seals are used throughout. The actua-
tor shaft seal packing consists of Inconel X filled asbestos.

3. Bolts: All bolts have rolled threads. The number of bolts
and torque limits at each location is established with respect
to the anticipated cyclic and vibratory stresses and to provide

ample margin for stress corrosion. The bolt stress safety
factor is 2.

4. Piston, shaft, and bearings: The piston, shaft, and shaft bear-
ings were selected and sized to utilize previous experience re-
sulting from the development of high temperature drain valves
and actuators for the J58 engine. The bearing stress safety
factor is 3.

5. Gate and seat: The gate and seat are both composed of PWA 771
material with large contact areas to assure long life wear
characteristics. The gate-to-seat bearing stress safety factor
is 4.

5. Materials Sunmmary

SThe following materials are used in the drain valve assembly:

Part Material

[Housing, cover, bolts, AMS 5616 Greek Ascoloy
plug and piston

Rod AMS 5667 Inconel X
Gate and seat PWA 771 Corrosion and Heat

Resistant Alloy
Bushing PWA 790C1 Cast Iron
Piston rings AMS 7310 Cast Iron
Static seals AMS 5542 Inconel X
Shaft seals Inconel X Filled Asbestos

1 6. Design Approach

The basic drain valve configuration was qualified in the J58 rrogram
at more severe conditions than expected in the SST application. The only
revision is a minor housing redesign to enlarge the flow passages.

S7. Anticipated Problem Areas

The drain valves are of simple design, with prior development
experience. P&WA anticipates that a minimal development effort] will be required. The only foreseeable problem area is gate valve
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leakage. An accelerated cyclic endurance test will be accomplishedearly in the de %,pment program to determine if a problem exists.If required, alternate valve gate and seat materials and config-
urations will be evaluated.

8. Test Programs

A detail description of the development test plan and test ached- Iule is included in the Component Test and Certification Plan of this
proposal, Volume III, Report E, Section II.
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K. MISCELLANEOUS COMPONENTS INCLUDING POSITION SWITCHES, EXHAUST
NOZZLE POSITION INDICATOR, ELECTRICAL HARNESSES, EXHAUST GAS[ TEMPERATURE MEASUREMENT SYSTEM, ACTUATORS, AND FUEL OIL COOLERS

The compressor bleed position switches, the reverser-suppressor
position switches, the compressor inlet guide vane and the aerodynamic
brake position switches, the Boeing secondary air control position
switches, the exhaust gas temperature measurement system, the exhaust
nozle position indicator, and the electrical harnesses are describedSin Volume III, Report B, Section II, paragraph J.

The fuel oil-coolers and the oil bypass valves are described in[ Volume III, Report B, Section IV.

The reverser-suppressor actuators, the duct heater exhaust nozzle
actuators, the compressor bleed actuators, the compressor inlet guide
vane and aerodynamic brake actuators, and the Boeing secondary air
control actuators are described in Volume III, Report B, Section II,[ paragrapbs F, E, and A respectively.

[ I.
[K

[

[
[
[
[
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.L. PHASE II-C BENCH AND ENGINE COMNONENT TEST RESULTS

1 . Description of Initial Experimental Engine Control Type System Components

Operation of the initial exuerimental JTF17 engines is being accomplished
using existing flight-type control system components to expedite the test[ program. These components sense the same engine parameters and function
in the same basic mode as the final controls that will he used on prototype
and production JTF17 engines.

The componcnts used in this initial control system are basic J58 and

TF30 units modified as necessary to provide the same functions and mode of
control that will be utilized on the prototype and production JTF17 engines.
J58 pumps of the same types that will be used on the final JTF17 engines are
also being utilized. These are flight-type hardware and are engine-mounted.

In addition to the automatic control system, control components that
provide separate manual control of the individual controlling functions
are being used. These components provide the flexibility necessary for
the operation of the initial experimental engines and include gas generator
fuel flow, duct burner fuel flow, duct exhaust nozzle position, compressor
bleed position, and high compressor vane position.

The decision to use modified J58 and TF30 controls for the Phase II
testing was made to permit operating the engines with flight-type controls
sensing the coriect paramethfrs and utilizing the desired control mode early
in the program. Because of the long lead times involved in analyzing,
developing, manufacturing, and bench testing components such as these, it
was impractical and uneconomical to attempt to provide prototype design
hardware for the initial engine tests. Engine testing with the modified
J58 components is providing data confirming that the selected control
modes are satisfactory and is supplying information to be used in establish-

ing firm schedules and parameter levels. This approach reduces the cost
and cycle time required to obtain satisfactory prototype and production
components, because the initial prototype design will be based on engine
tested concepts and operating conditions rather than analytical information.

The control system functions are being obtained with the following
components:

1. Gas generator fuel supply: Chandler Evans main fuel pump
from the J58 engine

2. Duct heater fuel supply: Hamilton Standard turbopump and con-
troller from the J58 engine with the inducer on the pump impeller
removed to increase capacity

3. Gas generator fuel scaeduling: Bendix CJ-Ql fuel control.

This is a J58 control modified to incorporate new cams to pro-
vide required JTFl7 schedules, to provide a hydraulic signal
to schedule for duct pressure ratio, and to provide signal-
to-control inlet guide vane positions as a function of com-
pressor speed and inlet temperature

4. Duct heater fuel scheduling: Bendix AA-M! fuel and nozzle
control or Hamilton Standard JFC-51 control. The Bendix
AA-Ml is a TF30 control modified to schedule fuel flow
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as a functioi, of p.4er lever angle, compressor inlec tempeta-
cure-and gas generator burner pressure, and airfluw as a func-
tion of duct pressure ratio. The JFC-51 is a J58 Lontrol,
unmodifiedc

5. Duct heater exhaust nozzle positioning: Automatic control
obtained with the modified Bendix AA-Ml control, and manual
control obtained with the unmodified Hamilton Standard exhaust
nozzle control system from the j58 engine

6. Gas generator manifold dump valve: Hamilton Standard windmill
bypass and dump valve from the J58 engine, unmodified I

7. Duct heater manifold dump valves: P&Wt =znifold dump valves
from the J58 engine, unmodified

8. Compressor bleed control: Automatic operation obtained with
the Bendix CJ-Ql fuel control and manual control obtained I
with test stand mounted solenoid valves

9. High compressor vane position: Automatic control obtained with
the Bendix CJ-QI fuel control, and manual control obtained with
the Hamilton Standard exhaust nnzzie control system from the
J58 engine

10. Hydraulic pressure: Vickers hydraulic pump from the J58 engine,
unmodified I

11. Ignition system: GLA exciter and leads from the JT12 engine
with igniters designed for the JTF17 engine.

The prinary objective of the test pzogram for the components used on
the .nitial experimental engines is to provide a means of controlling the
engine and obtaining basic control design, schedule, and parametric data
during initial engine development testing. Bench tests of these components
are being conducted in support of this objective, that is, to provide
control system components as required to support the engine test program.

2. Phase II-C Test Results as of 1 August 1966

a. Initial Experimental Engine Controls

The initial experimental engine control system described above has
provided completely satisfactory engire opezation to date in Phase I1-C.
The complete flexibility of manual modes of engine control available by
use of the .-- isting engine control components greatly expedited the
experimental engine test program. The first experimental engine was suc-
cessfully started on the third attempt during the first day of testing

by manual adjustment of the gas generatcr starting fuel flow schedule.
All engine starts since have been successful using the same starting
schedule. The ignition system has never failed to light either the gas
generator or the duct heater to date. This control system has success-
fully provided the desired engine control during 73 :Lours of experimental
engine operation.

All control components are prcseitly available and ready for installa-
tion on the experimental engines during Phase 11-C to provide a felly
integrated control system utilizing the proposed JTF17 control mode and
co-trol parameters.
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F (I) Gas Generator Controls

r The Bendix main fuel controls were equipped with a variable start
L schedule for initial engine tests. Different starting and acceleration

schedules were selected by providing false compressor inlet temperature
Sr signals to the control. Duringithe early runs of the firsc experimental

engineý, the desired starting schedule was determined and aoproximate
steady-state fuel flow requiremrnts established.

All of the control system components performed as desired. Compressor
stator vanes and the duct exhaust nozzle were controlled manually through
the use of the J58 exhaust nozzle control system.

S• Comressor stator data obtained during compressor rig testing and the

itial engine runs were factored into the control schedules for the next

ties of engine tests during which the vane system was satistactorily
operated automatically.

A total of 283 bench hours were accumulated in accomplishing theA aforementioned tests and in support of the initial experimental engines.
Engine hours totaled 73 hours.

1 (2) Duct Fuel Controls

Three J58 JFL-51 fuel controls were calibrated to function as
single-zone duct burner fuel controls with 259 hours of bench time devoted
to this task.

A TF30 fuel and nozzle control was modified to a two-zone duct burner
fuel control and exhaust nozzle control. Bench testing of this unit has
accumulated 252 hours.

I All Phase 1l-C experimental engine operation has been with J58
afterburner controls and manual splitting between zones. This testing
has been successful and has demonstrated that this concept of controlling1 duct fuel flow and nozzle area is satisfactory.

(3) Gas Generator Pump

Tests were run on a CECO J58 main fuel pump to investigate the feasi-
bility of using boost stage discharge flow to supply the manifold rapid
fill system. It was found that as much as 30,000 pph was available with-
out seriously depressing boost pressure to the gear stage. The above
tests and •upport of the initial experimental engines has utilized 201
hours of bench testing. %ll Phase II-C engine testing to date has been

I accomplished with this pump without difficulty.

(4) Duct Heater Fuel Pump

I Bench tests were made to investigate the use of a J58 turbopump
on the Phase Il-C engines. It was found that pump capacity could be
increased 307. to meet the JTF17 requirements by removal of the inducer
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and maintaining a higher inlet pressure. Three pumps were thus modified
and used duriz,; th- Tha.ýa ••.-C e; , ;;g... A total o: 517 hcurs was
accumulated on the duct heater tuel pumps in support of initial experi-
mental engines and bench tests. Engine operation has been satisfactory,
and no problems with the pump have been encountered.

(5) Hydraulic Pump

A Vickers hydraulic pump presently used on the J58 engine wat; bench
tested to determine pump performance with pump discharge pressure rzgula-
tor reset from 2550 to 1500 psig, which the JTFl7 will require, and the
performance was found to be satisfactory. Two J58 pumps have been used
to support the initiai experimental engines. A third pump is available [
for use as a spare or on the third engine. Hydraulic pump test and sup-
port of initial experimental engines accumulated 10 hours of bench time
without problems.

(6) Ignition System

Ignition testing at the FRDC in this period consisted primn-ýily of
providing an ignition system for the various JTF!? er'ulz -oabustorL
development rig- for thz JTF17 initial experimental engine program.o

Those rigs were the 7-inch duct heater segments, the 120 gas generator
combustor segment, the full-scale duct heater rig, and the annular com-
bustor JT4 rig for the JTF17 and associated programs. Ignition exciters
used for testing were GLA 4-joule low tension (3000V) components using
28 vdc input power. Spark igniters were procured from both Champion V
Spark Plug and Bendix Scintilla and are of the shunted surface gap type
similar to these proposed for the JTF17 prototype. The sparking tip
and its location in the combustor are identical to that proposed for
the JTFI7. These tests indicated that a 4-joule low tension ignition
system is entirely adequate for operation within the SST flight envelope.
Figure 1 shows several points within the flight envelope where success-
ful ignition was achieved in tests of the full-scale duct heater rig.
There have been no instances in which ignition could not be obtained
when the other related parameters were within the SST flight envelope.

During this period, GLA has been performing development testing of
ignition high tension leads and of exciter components to increase the
life and performance of these components at extreme environmental con-
ditions. Bendix Scintilla has been doing similar work on electrical
cable connectors.

(7) Miscellaneous Items

(a) Duct Burner Fuel Manifold Quick-Fill System

A system utilizing J58 hardware was assembled to supply gas generator
fuel pump interstage fuel to the duct burner manifold to fill the manifold
within the specified time during normal 1.a-flow lightaffs. Extensive 0

bench testing was completed to develop the valving and timing necessary to
satisfy the needs of a quick-fill system. Engine tests were run on the
JTFI7 quick-fill system on two J58 engines where it was shown that smooth
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augmentor lights at 3000 pph metered flow could be consistently made in"1. 2 -bcunds. This time compares-toe 7 seconds without the quick-fill
S~stem. Breadboard hardware is now ready for initial experimental engineuse.•

S0.11
Maxilmum Transju

::"Figure 1. Demonstrated Lights of the Full-Scale FD 17160
SIDuct Heater Test Rig with 4-Joule BIII*1d Ignition System

•+ I (b) Automatic Restart Switch

Five automatic restart switches were obtained, and one was bench tested7 for possible use on the initial experimental engines. A total of 4hours of bench testing was accumulated on thts unit.

++ 7b. Unitized Fuel and Area Control (Critical Component Testing)

Testing accomplished during Phase Ig-C on certain critical components
proposed for the unitized fuel and area control are summarized below.v ( e) Hamilton Standard Division Tests

J (a) Fluorasilicone Seal Development

Tests of an elastomeric seal compound developed by Hamilton StandardMaterial ccomlsEngineering for use inajet fuel applications at fuel and ambient

temperatures from -65 to +450-F and pressures up to 1500 psig were con-ducted. Of 48 seals evaluated at Hamilton Standard, 24 seals were fuel-to-fuel and the other 24 were fuel-to-air. All seals were static applica.j tions. A total of 1000 hours of testing was completed. Test results
indicated the seals to be acceptable for the supersonic transport applica-
tion.
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(b) Quick-Disconnect Manifold Seal Temperature Test

Tests were conducted to evaluate a quick-disconnect concept selling
configuration to substantiate previously developed elastomeric seals under
the supersonic transport application temperature and pressure conditions
and to provide initial data on minimum flow requirements to ensure ade-
quate cooling of the seals. Three seals were tested in each of two
"quick-disconnect fixture tests. One fixture was constructed of steel,

the other of aluminum. Seal and skin temperatures were recorded during
the mission cycle testing, which varied ambient temperature from -650F to
600 F, fuel temperature from -58OF to 425 0 F, and pressure from 50 to
1000 psig. A total of 300 hours of test time was accumulated, and leak-
age re'qined zero throughout the test.!g
(c) Compatibility Tests of Aluminum Alloy RR-350 and Commercial Kerosene

Six test panels of the proposed JTF17 control housing material (RR-350)
were tested with jet fuel at a fuel temperature of 350 F. No problems
were noted during the 500-hour test which confirmed the compatibility of
the alloy with commercial kerosene. f
(2) Bendix Product Aerospace Division Tests

(a) Housing Material Evaluation

Bendix has conducted heat absorption tests using an aluminum alloy,
a variable cross section test fixture, and simulated supersonic transport
fuel and ambient temperatures to substantiate the choice of housing
material. Bendix concluded the aluminum alloy will withstand the environ-
ment to be encountered in the supersonic transport.

(b) High Temperature Seal Tests

Bendix has conducted evaluation programs on a fluoracarbon material i
for use as a high temperature elastomeric seal. The tests indicated that
the material would withstand supersonic transport environment satisfac-
torily. A number of these seals are being used in the initial experimental
JTF17 gas generator control. Seal construction consists of the fluoracar-
bon compound formed in a cup shape and a spiral spring inside the cup to
ensure consistent shape throughout the environments of pressure and tem-
perature.

(3) FRDC Tests

(a) Duct Heater Pressure Ratio Computer Test Results

Bendix Products Aerospace Division and Hamilton Standard both fabri-
cated duct airflow computers to check the design concepts being used in
the unitized fuel and area control. The units were initially calibrated
at the vendor's plant then forwarded to the FRDC fcr further testing.
Both of the vendor units calibrated to within the initial accuracy require-
ments of t 2 percent. See figures 2 and 3.
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fFigure 2. Test Results from Hamilton Standard ED 17163
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The concept of the Bendix unit was incorporated into the modified
TF3O fuel and area control that is being used on the initial experimental
JTI'17 engines.

The Hamilton Standard unit was incorporated into part of a modified
J58 main control that, whe'n coupled with a J58 exhaust rozzle control,
will be used to control the JTF17 duct nozzle.

The total run time on the HSD pressure ratio unit at the FRDC was
22.5 hours on a test bench. Approximately 12 hours of bench time were
accumulated on the Bendix pressure unit.

(4) Duct Airflow Sensing Probes

It is necessary that total and static duct air pressure be sensed
accurately and with fast response since the signals are used to control t

the duct-corrected airflow. A number of probe configurations are being
studied to fulfill this requirement. The following is a summary of the
probe configuration with the alternatives planned for engine use.

(a) Total Pressure Pickups

A Kiel probe is shown in paragraph D, figure 10. The Kiel probe is
a scaled-up version of "off-the-shelf" probes that are used extensively
for airflow measurement. Standard off-the-shelf Kiel probes were tested
with respect to response and found to.be unacceptably slow and to have
excessive attenuation when coupled with a simulation of the engine plumb-
ing and computer pressure cavity, For this reason the scaledup versions
were made. Two of these large Kiel probes "teed" together appear to be
the best total pressure sensing configuration.

As an alternative to the scaled-up Kiel probe, a rake probe has been

inve:tigated for use in sensing the total pressure in the duct. The
original configuration of the probe was a simple airfoil shape with holesE
in the leading edge. This configuration was extremely sensitive to air
angle of attack. The probe was then modified by adding a tube extension 0
with a Kiel-type shield around the extension, which resulted in a probe
that is insensitive to air angle of attack over an acceptable range.
These results are shown in figure 4.

(b) Static Pressure Pickups i
Several wall static tap configurations were tested for relative

response and noise mission characteristics. It was found, in the fre-
quency range which will effect the duct airflow computer, that two holes
0.100 inch in diameter will produce the desired response and have accept-
able noise characteristics.

(c) Downstream Pressure Probe

The probes described above are planned for use near the exit of the
fan. If the air velocity at this station approaches Mach 0.9, local
shock waves in the vicinity of the probes may produce unreliable pressure

BIIIL-8
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signals and may require that the total static pressure pickups be moved
downstream in the duct to a location where the duct velocity is lower.
A probe was developed that has the desired air angle acceptance on both

5 the total and static pickups. A photograph of the probe is shown in
figure 5, and the air angle acceptance data are shown in figure 6.

22.0
Airflow Path020.0 I I I '

-I I

[ 14t0 I , ,
Desired Acceptance I

r~ 1•00 Accurate Pressurel
0. Reading :

IO I I

[ 'eI ___ _ _ __ _ _ __ _ _ _

-0 20 0

-30 -20 -10 0 10 20 30
PITCH ANGIE - deg

Figure 4. Duct Diffuser Total Pressure Probe ED 17161[with Kiel Extension Bil1

Total Pressure Port

-,_-Static Pressure Port

Figure 5. Duct Diffuser Total and Static PD 16712
Pressure Probe Bill
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j M. COMPONENT TEST FACILITIES

The facilities available for testing JTF17 fuel and control system
components are described in detail in the Facilities Plan in Volume V,

Report B of this proposal.

There are 44 separate test benches available at the FRDC for the
development testing of turbojet engine control components, oil and

hydraulic systems, gear boxes, and ignition systems. Of these 44

stands, 15 test benches include the capability of simulating high Mach

number fuel, oil, and/or ambient temperature conditions. Figures 1 and

2 show a typical control bench. Twenty-five of the test benches will

be assigned directly to the JTF17 engine program. Seven of these benches

will require minor modification to be completely acceptable for the JTFI7

requirements. The modifications required include increasing the air

supply capacity to accommodate the duct heater turbopump, installing

actuator loading rigs so that the duct nozzle actuator-control system
can be properly tested with respect to dynamic response, increasing the
drive horsepower, and in general increasing the flow capacity of the

plumbing, flowmeters, counters, etc. Additional equipment will be added

to the facility to be used to environmentally test the ignition system
(exciters, harnesses, igniters, and automatic restart switches) at

simulated SST ambient temperature and pressure conditions. This bench
will include a fuel pressure source for cooling the ignition units.

4,1

A-i

Figure 1. Outside View of D-12 Fuel System FE 11613

Component Test Bench Used for BIII
Testing Controls at Elevated Fuel
Temperatures
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0 " J

. s.

-low.

0 7

'J -

"Figure . Operator's Control Panel of D12 FE 11633
Fuel System Component Test Stand BIII

(Typical of Stands With Elevated
Fuel Temperature Capabilities)

Two electronic control benches will be required to support the pro-

gram and will be suitable for calibrating, reprogramming, and maintain-
ing the digital electronic engine pressure ratio (EPR) control and the
digital electronic airflow computer by simulating inputs, measuring
outputs, simulating output loads, and accomplishing troubleshooting. *

The benches will include a circulating cooler system to simulate fuel

cooling and 400-volt, 400-cps, 3-phase and 24-volt power supplies.

BIIIM-
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J58 experience has emphasized the importance of testing the fuel
system components in an- environment that simulates as closely as pos-
sible the actual flight conditions. The FRDC turbojet component facil-
ities are thus oriented toward high temperature fuel and ambient test-
ing. Similarly, the two companies that are being considered as vendors
for the unitized fuel and area control both have extensive facilities
required to develop and produce fuel controls for use in high temper-
ature ambient conditions.

I Hamilton Standard has 17 low temperature control development test
stands and 14 high temperature stands. The low temperature stands
have a capability of fuel temperature from -651F to 250°F, and two

i " stands can be covered by an environmental chamber to give ambient
"I capabilities of -65°F to 350°F. The high tempsrsture stands have a

capability of fuel temperature from -65 F to 600°F and ambient -65oF
to 10000F. These stands have a normal fuel flow capacity of 0 to
100,00 pph and 0 to 30 gpm hydraulic systems.

Bendix Products Aerospace Division has facilities that are pres-
ently available for use in the development of the unicized fuel and
area control and that consist of 17 benches as follows:

1. Five with 60,000 pph flow capacity
2. One with 120,000 pph flow capacity
3. Four with 30,000 pph flow capacity
4. Two with 20,000 pph flow capacity
5. Four subassembly test benches with 7500 pph flow capacity
6. One low bench for testing duct -dr flow computers.

Nine benches are for room temperature calibration, and eight of
the benches are capable of simulating the maximum SST fuel and ambient
temperatures.

Bendix plans to build two new bencheq .;pecifically for the unitized
fuel and area control if awarded the contract. The new-benches will
have a flow capacity of 150,000 pph, control drive provisions, and fullj fuel and ambient temperature capabilities.

II
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N. CONTROL SYSTEM FAILURE MODES AND EFFECTS ANALYSIS

S[ 1. Phase II-C

a. Failure Mode and Effects Analysis Conclusions

A preliminary failure mode and effects study on the proposeW control
system Is being accomplished during Phase II-C. Preliminary comments
and conclusions are presented in the following paragraphs.

SI The JTF17 fuel control system is designed to provide a failsafe system.
A study was made to determine the results of any one control system detailr part failure, the probability of which is not negligible, and which may
be caused by fuel contamination, detail part distortion or fracture,
bellows or diaphragt rupture, or sticking of sliding parts. This study
was conducted to demonstrate the degree of compliance of the entire fuel

j ,system with the following requirements:

1. Any fault during takeoff shall not reduce thrust to below
90% of static augmented rated thrust at 100°F engine inlet
air temperature over the altitude range of sea level to
6000 feet altitude.

2. Upon occurrence of any fault during takeoff, cruise, or landing
approaci, it shall be possible to prevent engine operation be-
yond established limits. Preventive action shall be possible
in such a period of time that damage to the engine will not
occur.

3. A fault of any single functional part shall not prevent air
starting of the engine or regulation of thrust between 5%j above idle and 90% of augmented thrust.

Extensive commercial and military experience with control system
components of the type used in the JTF17 engine has shown that basic
parts such as housings, castings, levers, rollers, and springs are
designed with sufficient margin to prevent their breakage, therefore
it was assumed, in making this study, that failures of these parts
will not occur. Similarly, it was assumed based on this same experi-
ence that the sliding seals used in this design will not incur any
significant wear within the specified overhaul period.

SThe possibility that fracture of the duct heater fuel pump air
turbine could occur is negligible because:

1. The low cycle fatigue design c'iterion is 100,000 cycles.
2. The maximum normal turbine rotor speed is 27,500 rpm.

Thp vortex ventur!, at the turbine exhaust limits turbine
T overspeed to 41,000 rpm at no load conditions. The
I turbine burst speed is 85,000 rpm.

3. The turbine and blades are machined from a PWA 1005A Waspaloy
forging. There are no through-holes in the turbine disk.

4. A quality assurance spin proof test to 71,000 rpm is performed
on each finish machined turbine disk prior to assembly of the
pump. -
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In view of the above, fracture of the duct heater fuel pump turbine Ii
was not considered in the Failure Mode and Effect Analysis (FWEap.

The Phase Il-C FHEA revealed that there were some areas which did
not conform to the fail-safe requirements established for this system.
These areas have been reviewed and design changes have been made to
minimize the probability of malfunction and to reduce the seriousness
of the consequences of the malfunction.

In making this study, it was recognized that it is possible for a
,single failure to occur that would not be detected during ncrmal oper-
ation of the engine and that, in itself, would not cause a sign.ficant
fault to result, but could cause a serious problem if the part were
continued in service and a second failure occured at some later time.
Where the failure analysis indicated that such a problem might occur,
design modifications were made to reduce the probability of two suc-
cessive failures occurring within an overhaul period. In addition,
where practical, routine ground service checks, designed to detect
such discrepancies or failures as soon as possible after they occur,
are being incorporated into the applicabla -orvice documents. As an
example, the JTF17 engine incorporates two compressor inlet tempera- I
ture probes to sense inlet temperature. The control system will oper-
ate satisfactorily with either one functioning, but will malfunction
if both fail. These probes incorporate failure detecting flags that
project when a failure occurs. JTFI7 engine service documents will
recommend ground inspection at regular intervals so that a failure
of one system will be detected and corrected before a second failure
can occur.

Page limitations prevent including the complete system analysis
conducted during Phase II-C herein, but a sample portion is described
below to illustrate the type of analysis conducted.

b. Conzlusion IF

The preliminary fault analysis for the proposed JTF17 engine fuel
system, as well as previous experience with similar type components,
establishes that this system, as modified by the result of this anal- I
ysis, possesses a level of reliability equivalent to the high level
already established for similar components on current commercial P&WA
engines such as the JT3 and JT4 series. 3
c. Sample Phase Il-C FMEA

The following paragraph describes the Phase 1I-C FMEA for a typical I
portion of the JTF17 system (the duct heater fuel pump). This is pre-
sented to show the format used for the preliminary rMEA performed in
Phase Il-C on the major components of the control system proposed for I
the JTF17 engine. Similar studies are being made for all other sig-
nificant components, and the complete Phase Il-C preliminary FMEA is
available for review on request. 3

iI
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V..--I

Figure 1. Duct Heater Fuel Pump Cross Section FD 13508A
BII!

- d. Duct Heater Fuel Pump (See figure 1.)

1. The duct heater fuel pump used on the JTF17 engine is
described in paragraph G.

2. Analysis
The FMEA for the duct heater fuel pump is shown on table 1.

[2. Phase III Failure Mode and Effects Analysip

Failure mode and effects studies and the resultant corrective action
initiated by the results of the Phase II study will be continued as re-
quired through the Phase III program. It is planned that analyses of
the fuel, hydraulic, and ignition systems will be updated at approxi-
mately 6-month intervals. Computer facilities will be used extensively
to support this work as described in Volume IV, Report F, Section II.
The extensive mission cycle bench endurance tests which are planned
during the Phase III program will be used to supplement this effort,
as experience shows that reliability problems associated with high
time TBO will be uncovered by these tests long before the airline
operators reach this level of operating time on service units. The
results of these tests and studies will be periodically reviewed by
the reliability group and the cognizant project engineers, and cor-
rective action in the form of design, material, or procedure changes[will be made and evaluated as required.

Pratt & Whitney Aircraft will also require the vendors supplying
fuel, hydraulic, and ignition system components to provide FMEA inSaccordance with paragraphs 6.3.4, 6.3.5. and 6.3.6 of the typical com-
ponent procurement specification summarized in paragraph Q, under the di-
rection of and coordinated with P&WA engineering. The data thus re-
ceived from the various vendors will be reviewed by P&WA and integrated
into the complete systems analysis described above, and corrective action
taken as required.[ BIIIN-3
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0. ENGINE CONTROL SYSTEM-ANALYSIS OF RELIABILITY, MAINTAINABILITY,

I ISTANDARDIZATIONSERVICESAFETY, VALUE ENGINEERING, AND HUMAN
ENGINEERING

1. Goals and Objectives

F Reliability, maintainability, serviceability, standardization,
safety, value engineering, and human engineering goals for the design
and development of the fuel, hydraulic, and ignitionsystem components
have been established to meet the predicted system goals at maturity
which are:

1. Each component will be replaceable on the engine in 30 minutesI: or less as demonstrated in figure 1 for the unitized fuel con-
trol, figure 2 for the gas generator fuel pump, and figure 3
for the hydraulic fuel pump. Figure 4 shows these components
in their normal installed locations on the engine.

2. Provide airframe and personnel safety by, (a) limiting engine
compressor overspeed during emergencies, and (b) incnrporating
interlocks to assure engine sequence from forward to reverse at
safe conditions and prevent inadvertant selection of reverse or
forward thrust.

3. Provide rapid service and minimum cost at overhaul.
4. A premature engine removal rate chargeable to the fuel and

control system not to exceed 0.010/1000 hours.
5. In-flight shutdowns chargeable to the fuel and control system

not to exceed 0.005/1000 hours.
6. Fuel filters designed such that proper installation of filter

elements during initial assembly and each reassembly after
inspection is assured.

7. Throughout the design and development activity at P&WA, the
P&WA standardization program, as explained in detail in Volume
IV, Report F, Section V, will be employed toward meeting the
objectives of improved reliability, improved maintainability,
reduced costs, assured quality, and assured safety. P&WA will
exercise control of subcontractor standardization, as explained
in detail in Volume IV, Report F, Section V, through the joint
efforts of the P&WA Engineering, Quality Assurance, Manufacturing,
and Purchasing Departments.

Field maintenance and installation goals are obtained by providing:

I. A unitized control package in which all control engine functions
(gas generator control, duct heater control, nozzle crei control)
are contained within one package.

2. A unique quick-disconnect packaging concept in which all engine
fuel control connections are tonrained in a single manifold.
This manifold is attached to the engine as a stparate detail, and
the control is assembled to the manifold with a minimum number of
mounting bolts. This concept permits rapid contrnl removal and
installation as no plumbing connections are required to install
and remove the control from the engine. Similar rapid removal
concepts are employed for the shutoff lever, power lever, and
exhaust nozzle area feedback pulley connections to tne control.

3I11O-II
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3. Accessible and easily removable gas generator and duct heater

control valves. [
4. Accessible engine trim adjustments and fuel filters.

7 ,n-tiz-d F 7ue 3 in Fuel ;n-d-z
kIF l ad AArea Control

iMounting Plate

- ip

La

•;':"•: '• • • with Plumbing t

•,•-• .•:•=• ..••.,:•. Attached

Figure 1. Unitized Fuel and Area Control FD 16734
Mounting Bill

A - A'

IQuick Disconnect IT
3Adapter Plate
WithJW Plumbing

L 4 Attached

Figure 2. Gas Generator Fuel Pump Mounting FD 16738
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Figure 4. Control Installation Mockup FD 16735

BIiio-3 BITT



Pratt& Whitney Aircraft V
PWA FP 66-100
Volume IIIl

Overhaul goals were obtained by designing a control with a modular
concept that certain components or sections of the control may be easily L
removed with a minimum of calibration. This modular construction will
also reduce calibrating time because the various sections of the control
can be calibrated before assembly into the completed units. Control
assembly and test will be facilitated by the modular concept in that
the computer housing and removable systems can be dry calibrated using
a checking fixture. .

Overhaul costs will be minimized through:

1. Elimination of costly valves-in-housing matching operations
through use of the removable sleeves.

2. Use of high temperature elastometric seals rather than metal
seals which would require added housing machining to produce
proper sealing surfaces.

While the unitized control is discussed above, P&WA will provide
the same general concepts in the other control components. P&WA will
maintain direct contact with its vendors and the corresponding organiza-
tions to assure that reliability goals are met in the most expeditious
and practical manner. Scheduled meetings at no less than one-month inter-
vals will be held to establish the status of compliance toward meeting
these goals. They will also be reviewed at critical phases, i.e.,
design phase-initial design layouts completed, prototype drawings com-
pleted, and final production drawings completed.

Development activity, including bench, engine, and flight testing
will provide the data to prove the design relative to these goals, and
modifications will be incorporated as indicated by these tests to assure
these goals as an actuality.

Established quality assurance procedures at both the vendor and P&WA
will provide control of the parts to meet the design requirements through-
out the program.j

The Human Engineering and Value Engineering Programs outlined in
Volume IV, Report D and Report F of this proposal will be followed through-
out all phases of the design and development of the fuel system components
described herein, both at P&WA and at the applicable vendors.

2. Phase III Program 7

Pratt & Whitney Aircraft has established a requirement with its
vendors which specifies that the vendors must establish a reliability
program for the Phase III SST activities that makes use of applicable
paragraphs of Specification MIL-STD-785. This program establishes that
P&WA will supervise the vendor (s) design and development activity to
assure that the vendor will design and produce a unit which (1) provides
for the best possible reliability, maintainability, serviceability,
provisions for safety, value engineering, and human engineering, and
(2) meets the reliability and maintainability goals of the component
that have been established for that unit.
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The reliability requirements placed upon fuel, hydraulic, and ignition

system component vendors by PMA are specified in Paras. 6.1, 6.2, and6.3 of the typical procurement specification summarized in paragraph Q ~

Data generated by the vendors in accordance with this requirement are
submitted to the P&WA Reliability group and the cognizant project engineer
for integration into the complete system and for review and corrective
action where required.
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P. ADVANCED TECHNOLOGY AND GROWTH CONCEPTS

The following advanced technology and growth pump and control
concepts are being considered fog. application to the JTF17 engine
because they appear to offer certain advantages.

I. A unitized engine fuel pump
2. A hydraulic computer control.

The current design and developme:tt status of these components is
such that they are not being considered for the initial engine config-
uration. However, these systems appear to be more simple than the

current state-of-the-art design being used and ultimately could[ achieve even higher reliability levels and lower overhaul costs than
the present designs. For this reason, these concepts will be thor-
oughly evaluated as a part of this program and if the results are[ favorable, the development of these designs on an alternative basis
will be considered with the intent of incorporating them into the basic
engine configuration later in the program.

[1. Unitized Engine Fuel Pump

a. Description and Vendors

Thompson-Ramo-Wooldridge, Chandler Evans Corporation, and Pesco
Products Division are active in conceptual design and proposal programs[ to provide a satisfactory unitized fuel pump design for the JTF17 engine.

The unitized fuel pump concept combines all the pumping elements
required to supply the JTF17 engine fuel and hydraulic systems into one
pump, utilizing one common centrifugal boost element to supply the high
pressure stages. Gas generator, duct heater, and hydraulic system fuel
flow and pressure requirements are supplied as required by this unitized
pump.

Various combinations of centrifugal stages, including "vapor core"
stages, gear stages, piston stages, and vane pump stages are being con-
sidered in conceptual design and performance studies. Engine drive,
compressor bleed air turbine drive, and compressor bleed air Rootes

r blower drive are being considered.

Potential improvements of the unitized concept include:

1. Simplified pump design and reduced weight resulting from a single
pump compared to three separate pumps

2. Increased time between overhaul and reduced overhaul cost
3. Simplified engine plumbing
4. Reduced initial cost
5. Increased reliability through reduced number of parts.

b. Proposed Program

P&WA will review the various conceptual designs and proposals submittedC by the vendors for confirmation of the potential improvements listed above

BIIi'-l
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and will review the designs for effective solution of problem areas. If
the design and proposal review indicates that a satisfactory unitized pump
can be developed, considering performance, reliability, maintainability,
cost and producibility, P&WA will consider undertaking a program to incor-
porate the unitized concept in the JTFI7 engine. -

2. Hydraulic Computer Ij

a. Background

The hydraulic computer control performs most computations with a I
series of contoured rotating pilot valves that permit scheduling by
hydraulic principles. The hydraulic computer control concept promises
a smaller and lighter control package coupled with a more flexible
control system. The mathematical comparison of a hydraulic computer
with a hydromechanical control for the same application indicates that
the hydraulic computer may have a potential reliability level signif-
icantly better than the current level of the hydromechanical control.
The hydraulic computer has the potential of providing a sophisticated
control with more flexibility and increased simplicity to perform the
mathematical computations required to combine sensed paramiters into I
the desired unique control parameters. This is accomplished with a
minimum of mechanical complexity while achieving desired engine per-
formance. The need for computing levers or cams has been redsced by !
performing most computations with a series of contoured rotating pilot

valves. The mechanical execution of this type of control is similar
to the methods that have proved to be successful in the past. The
potential advantages of this approach may be found in such areas as 1
packaging, manufacturing costs, weight, flexibility of design, potential

S...- ----T6K-improved accuracy, and overall simplification.

b. Hydraulic Computer Development Experience

Both Bendix and Hamilton Standard have studied thi& control concept.
The bulk of the development has been done by Hamilton Standard under I
Navy Contract NOw64-0691-di. Controls constructed using the hydraulic
computer concept have aL..imulated over 170 hours of engine time and
4597 hours of bench time.

(1) BreadboarJ Experience

A series of component tests were conducted by Hamilton Standard to
confirm the fundamental design concert. Upon completion of these, a
breadboard capable of controlling the T55 gas generator was designed
and manufactured. An engine test program was then conducted on a T55
engine, which consisted of a series of engine starts, accelerations,
steady-state operation at various power levels, and decelerations.
Engine starts were normal and speed governing was exce lent at all
levels of power throughout the range of the engine, with no instability
noted. Accelerations and decelerations were accomplished with no in-
dicated problems. In general, the series of engine tests was completed f
in a trouble-fre! manner.
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(2) Prototype Experience

j Upon completion of the breadboard testing described above, a prototype
control capable of controlling an engine was constructed. After substan-
tial test stand operation had established that the prototype hydraulic
computer exhibited the proper fuel control characteristics under laboratory
conditions, a test program was initiated to demonstrate the control's
capability under engine operating conditions.

The prototype was modified to provide sea level schedules for the
P&WA J60 engine and was physically installed or. that engine for a 150-hour
engine typical flight cycle test. The program demonstrated the control's
ability to start, accelerate, maintain steady-state speed, and decelerate
the engine.

c. Proposed Prugram

A preliminary control schematic applying this control concept for the
JTF17 engine has been completed and is presented in figure 1. Initial
weight studies have been initiated, and design and analytical studies
are being conducted.

I
I
I
I
I

I!
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Figure 1. P&WA JTF17 Engine Hydraulic Computer Control Schematic
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SQ. COMPONENT PROCUREMENT SPECIFICATIONS

1 1. Component Procurement Specifications

F The major components of the JTF17 engine control system will be pro-
cured from component vendors utilizing component procurement specifica-
tions. These specifications establish the requirements for the components
and include items such as a description, design requirements, performance

I and operational requirements, inspection and test procedures, reliability
requirements, and vendor responsibilities. A summary of Specification
PWA PPS J112 for the Unitized Fuel and Area Control is included in this
section of the proposal. The control schedules presented in paragraph D
are typical of the data which will be part of the specification. Table I

presents a tabulation of procurement specifications for the other control
system components to be procured from vendors as complete assemblies.
These are available for review upon request.

j• Table I. JTF17 Component Procurement Specifications

Specifications Component

PWA-PFS-Jl07 Gas Generator Fuel Pump

PWA-PPS-Jl08 Ignition System

PWA-PPS-JI09 Hydraulic Pump

NWA-PPS-Jl10 Duct Heater Fuel Pump

NWA-PPS-JI13 Engine Pressure Ratio
Control

PWA-PPS-JI16 Automatic Restart
Ignition Switch

PWA-PPS-JI17 Igniter

PWA-PPS-Jl18 Position Switch

PWA-PPS-JI19 Exhaust Nozzle
Position Transducer

2. Differences Between Prototype and Final Production Specifications

Purchase Specification for the JTFI7 component includes requirements
for both the prototype and final production units. Separate specifica-
tions are not prepared for prototype and production units.

I
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"SUMMARY"

PRATT & WHITNEY AIRCRAFT
PURCHASE SPECIFICATION

J112
FUEL AND AREA CONTROL

FOR 1
JTF17 ENGINE

1. SCOPE

This specification establishes the requirements for the fuel and area
control to be used on the JTFI7 engine. Any deviation from this specifica-
tion must be coordinated with Pratt & Whitney Aircraft, Florida Research
and Development Center.

2. DESCRIPTION

2.1 The control system shall consist of a unitized hydromechanical

systeia operating to:

1. Control engine speed between idle and maximum nonaugmented I
power.

2. Schedule gas generator fuel flow within desired limits.

3. Schedule and sequence duct heater fuel flow supplied
from an air-driven tuxbopump, over the operating
envelope between augmentation cutoff and maximum aug-
mentation, to two individual fuel manifolds.

4. Position the duct exhaust nozzle area to maintain the
desired engine inlet airflow.

5. Signal the compressor bleed valves to improve compressor
stall margin.

6. Position compressor inlet guide vanes in each of two of
three discrete positions.

7. Position a reverser-suppressor in two of three discrete
positions.

2.2 The unitized control system, as specified herein, shall consist
of the following subassemblies:

1. Unitized Fuel and Area Control which shall contain
means for:

a. Gas Generator Fuel Meter
b. Duct Heater Fuel Meter
c. Duct Heater Exhaust Nozzle Control
d. Compressor Inlet Guide Vane Control
e. Reverser-Suppressor Control

2. Duct Heater Pump Controller

3. Engine Inlet Temperature Sensors

4. Compressor Bleed Control Valve
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3. APPLICABLE ?U&ALIC&TTONS

3.1 The applicable specifications and standards listed in ANA Bulletin
No. 343q and 400u shall form a part of this specification to the extent
specified herein.

3.2 The following specifications and publications shall form a part
of this specification to the extent specified herein:

1. NWA 300-D Control of Materials

2. PWA 381 Shipping Closures

3. PWA PS 356C Vendor Responsibilities

4. MIL-E-5009B Qualification Tests for Turbojet
Aircraft Engines

5. MIL-F-5624E Jet Fuel (JP-4, 3, 5)

6. MIL-E-25656 Jet Fuel (JP-6)

7. MS 33586A Dissimilar Metals

8. PWA-QA-6068A Quality Assurance Specification

9. PWA 533 Fuel, Aircraft Ttrbine Engine

10. MIL-S-8879 Screw Threads

11. MIL-STD-785 Reliability Program for Systems,
Subsystems, and Equipment

12. MIL-M-26512C Maintainability Program Requirements
for Aerospace Systems and Equipment

13. MIL-S-38130 General Requirements for Safetyj Engineering

14. MIL-I-27686 Anti-Icing Fluid

15. MIL-F-5151E Jet Fuel (JP-5).

16. QQ-M-151a-4 Salt Solution

17. NWA 522 Jet A, A-I Fuel

18. PMC-9041 Calibrating Fluid

4. REQUIREMENTS

4.1 General Requirements - This section covers those applicable require-
ments not cover3d in the other sections of this specification. Items includej such things as materials, standard parts, identification, etc.

4.2 Test Requirements - The applicable test requirements covering the
type of tests to be conducted and shipment of prototype and production units
prior to qualification are included in this section.

I
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4.3 Design Requirements - Specific reqt:irements, applicable to the :A
design of the control, are covered in this section. Requirements prohibit
the use of certain hardware items such as "Z" wires, snap rings, laminated
shims, etc. Specific information pertair.ing to fuel characteristics and U
operating conditions, fuel filtration and contamination is included.
Required control contamination capability is as follows: 5

Fuel Contamination - The control shal *be designed to operate satis-
factorily on fuel containing the following contaminant. The fuel shall
be contaminated to the extent of eight grams of foreign matter per 1000
gallons. This foreign matter shall be considered to consist of not less
than 68% SiO2 and shall have a particle-size analysis as follows:

Particle Size Microns Percent of Total I
0 - 5 39 ± 2 by weight

5 - 10 18 3 by weight I
10 - 20 16 ± 3 by weight

20 - 40 18 ± 3 by weight I
Over 40 9 ± 3 by weight

Through a 200-mesh screen 100 by weight

A detailed description of the mechanical and ambient environment, control
external connections, and functional control requirements are covered.

A unique design requirement of the JTF17 fuel and area control is the
existence of an interface whereby the engine airflow control and associated i
scheduling may be implemented with either a hydromechanical or electronic I
system. These systems will be interchangeable on the prototype controls.

4.4 Performance and Operational Requirements - This section provides
the specific operating schedules, accuracy limits, applicable adjustments
with required range, and schedule changing requirements. Schedules in-
clude such things as acceleration fuel flow, deceleration fuel flow, engine
airflow, duct heater fuel flow, etc.

5. INSPECTIONS AND TEST PROCEDUR7

Requirements for control acceptance inspection and specific test to be
conducted are covered in this section. Inspection requirements include
inspection techniques, instrumentation accuracies, and P&WA inspection i
representation. Test procedures describe the specific requirements of U
ezch test to be conducted and the limits governing the tests. Typical
tests described are the 75-hour Hot Mission Cycle Bench Test, the 550-
hour Bench Test including hot mission cycle and contaminated fuel testing,
and the Production Acceptance Bench Test.

6. SUBCONTRACTOR RELIABILITY REQUIREMENTS

Specific subcontractor reliability, maintainability, and durability
requirements are outlined ir this section.
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Sr6.1 General - The vendor shall be expected to have or to establish
and implement a reliability program that includes but not limited to the
applicable paragraphs of MIL-STD-785.

-- The vendor shall recognize the concept of inherent reliability of
design, i.e., that reliability is limited by design, and that effort must
be concentrated early in the design phase.

1 6.1.1 Surveys - P&WA reserves the right to conduct any surveys deemed
necessary to adequately evaluate the vendors capabilities to meet the[ specification requirements.

6.1.2 Numerical Reliability Goals - The unitized fuel and area control
shall have a design which is consistent with the following goals:

I Mature engine capability after approximately 5 years
should be:

1 . A mean-time-between-overhaul (MTBO) of 6000 hours.

2. A component-chargeable premature engine removal rate
of 0.0058 per 1000 engine hours.

6.1.3 Reliability Tests - No special component reliability test shall
be accomplished specifically and solely to acquire reliability data toSverify the requirements of paragraph 6.1.2.

6.1.4 Demonstration of MTBO - Demonstration of the Mean-Time-Between-
Overhaul as specifieC in paragraph 6.1.2 shall be accomplished by the
conclusion of Phase IV flignt testing.

6.1.5 Demonstration of Premature Engine Removal Rate - Demonstration
of the premature-engine-removal-rate as specified in paragraph 6.1.2 shall
be accomplished by the conclusion of Phase IV flight testing.

6.1.6 Failure Definition - For purposes of determining conformance to
the MTBO and per requirements of paragraph 6.1.2, a failure is defined as
an engine chargeable event or an unscheduled removal of the complete engine
from the aircraft prior to the expiration of the assigned TBO interval
which results in the following:

1. Inability to achieve a satisfactory engine start within
15 minutes from initiation of start sequence.

2. In-flight detected failure of equipment not furnished
by the AJngine contractor, which occurs as a result of
failure of the cczjonent to provide a proper function
within the limits of this specification.

I N-
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3. A sustained inability to allow the engine to obtain
proper thrust ratings that are appropriate for the
following conditions:

a. Takeoff Thrust Setting

b. Maximum nonaugmented rating and maximum augmented
rating during the climb portion of the mission

c. Normal thrust at any indicated flight condition
within 10%.

4. A condition which causes or generates a decision to shut
down an engine or retard the throttle to reduce engine
thrust greater than 10% of the proper desired value.
Engine flameouts (even if a successful restart is
achieved) are included if the flameout is chargeable
to the engine.

5. Any in-flight inability to operate the engine at per- I
formance levels to complete the mission caused by or
attributed to the unitized fuel and area control being
out of performance levels and limits specified in thisspecification.

6. Component failures or malfunctions which cause malfunc-
tions in the oil system and/or cause high vibration levels
of the engine.

6.2 Maintainability Requirements - The vendor shall be expected to
establish and implement a maintainability plan using MIL-M-26512 as a
guide.

6.2.1 Maintainability Objectives - The vendor's maintainability pro-
gram shall direct effort at integrating maintainability concepts in all
system analysis performed to this purchase specification.

6.2.1.1 Maintenance Manhours - The unitized fuel and area control

(including control, Tt 2 sensors, duct pump control, and compressor bleed
control'valve) shall have a goal of an average number of manhours to perform
the scheduled inspections as follows: -

Function Manhours Required Per Engine

Preflight Inspection 1/6
Postflient Inspectinn 1/6

Removal and Replacemnut 3

6.2.1.2. Frequehcy of Maintenance Actions - The unitized fuel and area

control sha4l! have a final goal for frequency of maintenance action of 15

per 1000 engine hours for components used for engines after 5 years of

service. The frequencies for maintenance actions shall be consistent with

reliability goals.

6.2.2 Maintainability Analysis - A maintainability analysis on the

unitized fuel and area control shall be submitted to P&WA engineering

prior to initiation of the Fotmal Qualification Test.

BIIIQ-6

f"



Pratt & Whitney Aircraft
PNA F? 66-100

u Volume III

6.2.3 Verification of Maintainability Goals - The requirements for
maintainability shall be verified by timed maintenance operations.

6.2.4 Maintainability Reports - Maintainability program status re-
ports shall be submitted to P&JA engineering at intervals not to exceed
3 months.

6.3 Design Review

j 6.3.1 General - The reliability program shall include milestones for
reliability review and evaluation by P&WA engineering and the vendor of
significant designs before they are finalized. Three design reviews will
be scheduled by P&WA before the milestone design configuration is frozen
for production.

6.3.2 Failure Mode and Effect Analysis - This is an analysis of all
potential failures and/or malfunctions of all of the components and parts
of the end item considering their application and use and their effects
on mission capability. The FMEA is an engineering desien parameter ir the
same sense that other product characteristics are design parameters.
Accordingly, the procedures used for accomplishing the FMEA parallel those
used in arriving at other part characteristics of parts or materials and

I from stresses anticipated in their application.

6.3.3 Failure Mode and Effect Analysis Completion - The Failure Mode
and Effect Analysis as described in paragraph 6.3.2 shall be completed
after the design layout or schematic is accomplished.

6.3.4 Failure Classification - This is for the purpose of assessing
the design from a criticality point of view by classifying the assumed
failure modes in four general categories minor, major, critical, or cata-

strophic. In mechanical equipment a component or part failure need not
be a critical system failure and should be so indicated. The purpose
here is to properly classify each failure effect at the system level and
then apply reliability data based on field experience to relate the failure
mode to probability or chance of occurring within the mission time and/or
the useful design life of the component or part.

6.3.5 Critical Items List - The critical .items list shall be made from
the failure mode and effect analysis and shall be a summary of those com-
ponents or parts whose single failure results in the probability of vehicleloss (starting critical and flight or vehicle critical).

6.3.6 Records - The vendor shall be expected to maintain records of
these documents which shall be continuously updated consistent with the
design phase. They shall also be updated with design changes and/or
corrective action taken on problems occurring during development and field
testing.

I when6.3.7 Review and Approval - The vendor shall notify P&WA engineering

when the design layout phase is complete and a review may be made.
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6.3.8 Support Data - The vendor shall be required to submit to P&WA
engineering, support data consistent with the design phase at least two
weeks in advance of the scheduled review date.

7. VENDOR RESPONSIBILITIES

Vendor responsibilities relating to design changes, spplying pirts for
change substantiation, support for the development progra , and ci'iraering 3

drawings are covered in this section.

I![

I
Il
I
I

V

BIIIzQ-8



Pratt& Whitney Aircraft-
PWA FP 66-100

Volume III
R. INSPECTION, QUALITY ASSURANCE, AND ACCEPTANCE PROCEDURES AND CRITERIA

1. Major Control System Components

P&WA oversees each vendor's quality control and inspection of detail
parts, subassemblies, and assemblies, and the acceptance test procedures
that pertain to those assemblies to assure that the standards established
during the design and the development phases of each program are fully
adhered to at the vendor's facility. The vendor creates an acceptance
test specification, which must be approved by P&WA engineering, mnd is
created to demonstrate the compliance of each component to the.functional
requirements of the P&WA procurement specification. Satisfactory compliance
to the limits of testing required therein are observed by'the P&WA vendor
quality assurance inspector to provide constant control of the components
being shipped. Inspection of the component to the installation drawing
to assure physical conformance is also observed by the P&WA vendor quality
assurance inspector. The components, upon arrival at P&WA, are again
reviewed in detail, this time by P&WA receiving inspection for physical
compliance to the installation drawing. Following acceptance of the physical
inspection the unit is functionally bench tested at P&WA for compliance to
a component calibration schedule which is the P&WA engineering equivalent
of the vendor's test specification. The P&WA bench production acceptance
testing of the vendor furnished components is continued until consistent
correlation of data shows that the vendor test demonstrates acceptable unit
quality. The P&WA acceptance test is then placed on a sampling basis. The
final acceptance of all components is dependent upon successful engine
-peration.

A more detailed description of the P&WA Vendor Quality Assurance Control
System may be found in Volume IV, Report F, Product Assurance, Section III;
and the Configuration Management Plan in Volume V, Report C, Section VI.

The following table is a list of the component calibration schedules
which are on file at P&WA and are available upon request. Following
the table is a sample of a P&WA Component Calibration Schedule 'CCS)
which provides the acceptance test requirements for the gas generator
fuel pump.

Table 1. P&WA Component Calibration Schedules

CCS No.

115 Unitized Fuel Area Control
116 Gcs Generator Fuel Pump
117 Ignition Exciters
118 Hydraulic Fuel Pump
119 Automatic Restart Switch
120 Position Indicator Switch
121 Ignition Ignitors
122 Exhaust Nozzle Position Transducer
123 Duct Heater Fuel Pump
124 Engine Pressure Ratio Control
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This Schedule Is Applicable For CCS 116

Vendors When Referenced in P&WA
Purchase Specitication or Directed
by P&WA Engineering

SP.j & WHITNEY AIRCRAFT
FLORIDA RESEARCH AND DEVELOPMENT CENTER

COMPONENT CALAIBRATION SCHEDULE
FOR

GAS GENERATOR FUEL PUMP
FOR

JTF17 ENGINES

1. QUANTITY TO BE TESTED

All of the gas generator fuel pumps, PWA PiN, shall be bench tested
at P&WA in accordance with this Component Calibration Schedule.

2. GENERAL REQUIREMENTS

2.1.1 Flowbench - A flowbench having at least one accessory drive
with a variable speed range of 5no to 4800 rIm. The drive
mctor power rating shall be at least 125 horsepower. Fuel
flow handling capacity shall be at least 500 to 50,000 pph.
Viewed from the anti-drive end, pump rotation is counter-
clockwise.

2.1.2 Boost Pump e-d Pressure Regulator - A boost pump and pressure
regulator capable of maintaining fuel pressure at the inlet
of the fuel pump at 20+5 psig over a total fuel flow range of
500 to 50,000 pph. This system should also have the capability
of being adjustable from 5 to 30 psig.

2.1.3 Heat Exchanger - A heat exchAnger to mainta'n the fuel temperature
at the pump and flowmeter inlets at 1000 +-'F.

2.1.4 Filter - A filter containing a 10- to 20-micron element and
installed in the stand line supplying fuel to th• pump inlet.

2.1.5 Filter - A 60 to 100-mesh screen-type filter to catch any chips
produced by the pump. This filter must be installed between
pump discharge and stand return.

2.1.6 Test Fittings - Test Fittings to connect to the pump ports.

2.1.7 Hand Valves - Three hand valves to set pump discharge pressure,
oil cooler flow and return flow as shown in figure 1.

2.1.8 Pump Mounting Bracket - A pump mounting bracket to support the
pump at the mounting trunnion.
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Figure I. fli-.p Test Pdiltisn and Schematic FD 17170

- Diagram 
BI-a

2.1.9 Instrumnctation - Instrumentation for taking the measurements
listed below with the accuracy specified:
a. Np (Pump drive speed) with a range of at least 500 to

4900 rpm and an accuracy of +5 rpm of indicated reading
within tjis range.

b. Wf (Fuel flow) with a range cf at least 500 to Oj0OO pph
and an accuracy of +1% of indicated reading i - .n this
range.

c. Po (Pump inlet pressire) with a range of at _.-st 10 to
160 psig and an accurach of +2 psig within this range.

d. Pi (Interstage pressure after filters) with a range of
at least 20 to 200 psig and an accuracy of +2 psig
within this range.

a. Pd (Pump discharge pressure) with a range of at least 100
to 1500 psig and an accuracy of +10 psig within this range.

f. Tfm (Test fluid temperature at flowmeter inlet) with a
range of at least 70'F to 110F and an accurach of 20F
within this range.

g. Tfo (Test fluid temperature at pump inlet) with a range
of at least 70 0 F to 110F and an accuracy of 2½F within
this range.

h. Pf (Pressure drop across main filter) with a range of at
least 0 to 25 psid and an accuracy of +0.5 psi within this
range.

i- Pr (Return pressure before strainer) with a range of at
least 10 to 60 pslg end an accuracy of ±2 psig within this
range.

]* Poc (Oil cooler bypass valve) w'" a range of at least
20 to 50 psid and an accuracy of +1 psi within this range.
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k. Wf2 (Hydrattlic rump flow) with a range of at leat 35o0
to 50,000 pph with an accuracy of 417..

2.1.10 Blank Main Fuel Filter

2.1.11 Blank return flow strainer

2.2 rest Fluid - Test fluid shall be PMC 9041 Calibrat-ng Fluid.

2.3 Depreservation - If the oump has been preserved wlth flughing
oil, it must be depreserved by flowing a minimum of five
gallons of PWA 533 or PMC 9041 Fuel through the pump.

2.4 Installation - The pu p shall be mounted on the flowbench
in a position similarl to its mounting on the engine as shown
in figure 1 or engine Ting approved equivalent.

2.5 Data Required

2.5.1 The following data shall be recorded on each data sheet: _

a. PWA part number
b. Pvnp serial number
c. Vendor part number and revision numbers
d. Test fluid type

2.5.2 The following data shall be recorded when noted in the
calibration procedure:

a. Np (Pump drive speed)
b. Wfl (Fuel flow)
c. Po(Pump inlet pressure)
U. ri tknrerstage pressure)
e. Pd (Pump discharge pressure)
f. Tfm (Fuel temperalture at flowneter inlet)
g. Tfo (Fuel temperature at pump inlet)
h- Pr (Ret'urn press before strainer) "
i. Pf (Press drop across main filter)
J. Poc (Oil cooler bypass valve)
k. Wf2 (Hydraulic pump flow)

2.6 Torque requirements - Torque requirements on component flctings
shall not exceed the requirements specified in the Clearance
Index Chart and Table of Limits. Torque requirements on
component housing bolts, caps, etc., shall not exceed the
limits when specified in this CCS.

2.7 Anti-Seizure Compound - Suitable anti-seizure compound shall
be component fittings when the mating fittings do not incorporate
silver plating. Anti-seizure compound shall also be used on
component bolts, caps, and other threaded connections when
reinstalling these parts after making adjustments or other
engineering approved removals. This anti-seizure compound shall
be used sparingly butladequately.
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Voi-Shan Seals - Vol-Shan seals on component fittings shall
be used in accordance with the engine assembly drawing
specifications. Reuse of these seals is acceptable.

3. TEST REQUIREMENTS

13.1 General Test Conditions

3.1.1 Test Fluid Temperature - Tfo and Tfm shall be maintained at
100oF +50 F.

3.1.2 Pumn Inlet Pressure - P. shall be maintained at 20+5 psigj. unless otherwise specified.

3.1.3 Return Valve (Vl) - All tests shall be performed with the
return valve (Bypass from main fuel control) closed except
3.2.4, 3.2.s, and 3.2.6.

3.1.4 Setting Test Conditions - All test conditions shall ba set
by approaching the test point of the variable in the direction
indicated. Any overshoot shall require setting of the
variable in the proper direction.

1 3.1.5 Oil Bypass Valve (V2) - All tests shall be performed with
this valve open except 3.2.4 and 3.2.7.

3.1.6 Hydraulic Valve (V3) - Shall be set to regulate Wf2 to
?A 3500 +50 pph at all points except 3.2.5.

3.1.7 Discharge Valve (V4) - Shall be set in conjunction with V, to
establish pump discharge pressure. j
I-S3.1.8 Pump Speed - Pump speed shall. always be set in accordance

with Pd as in figure 2 unless otherwise specified. After
setting pump speed, Pd shall be increased to the value specified

for the applicable test conditions. When starting the pump,
the discharge valve shall be open enough to avoid exceeding
figure 2 limitations. Pump speed shall not exceed 4800 rpm
during this CCS.I

1 3.2 Test Procedure

3.2.1 Leakage - At each of the following test points, record any
shaft seal leakage over a 5-minute period and any external
leakage. Record NI,, Poc, Pf, Pr, Wf2, Wf, Po. 9 i, Pd, Tfo,
and Tfrn at the end of each test point below.

T
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VTest Point Pump Inlet Pump Drive Speed Pump Discharge

(Po) psig (Np) rFm Pressure
(Pd) psig

1 50 +5 500 +5 200 +5
2 20 _5 4000 +5 800 :;10

Limits: Shaft seal leakage shall not exceed 50 drops for the
5-minute period at each test point. There shall be no
measurable external leakage at either test point.

1100

" 1000,

m900

S800---

~600

~400-
300

200 -.200

0 1000 2000 3000 4000 5000 6000

PUMP SPEED, Np- rpm

Figure 2. Pump Operating Envelope FD 17171 WV

Bill

3.2.2 Relief Valve Test

3.2.2.1 Relief Valve Flushing - To be done only when pump is known or
suspected to have contained preservaLlve oil immediately prior
to accomplishment of this CCS. with 17p /.Izn _qn _A

set initially in accordance with figure 2, slowly adjust the
discharge valve (V4 ) to cause the relief valve to open. Opening
of the relief valve is evidenced by a reduction in flow through the
pump. Do not increase Pd in excess of 1300 psig or allow fuel
flow to decrease to less than i0,000 pph during this flushing
procedure. Maintain the relief valve in the open condition for
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15_+5 seconds. Reduce Pd to 400 psig for 30 seconds and then
repeat the above procedure. No data is required during thisA[ test other than a log entry "Relief Valve Flushed."

3.2.2.2 Relief Valve Setting - This paragraph to be run only if the
relief valve is adjusted -r renlaced. With Np at 4350 10 rpm

I and Pd set initially in accordance with figure 2, slowly adjust
the discharge valve (V4) to set each of the following test
points in the order shown. Record Np, Wf, PC, Pi, and Pd, atI each test point except Point 3. At point 3 record only Np,• Pd, and Wf.

rTest Point Pump Drive Speed Pump Discharge Fuel Flow
S(Np) rpm Pressure(Pd)psig (Wf) pph

1 4350 +15 1100 +10 Record
2 4350 +15 1200 +10 Record
3* 4350 +30 Record 500-600

*DO NOT MAINTAIN THE LOW FUEL FLOW CONDITION AT TEST POINT 3

FOR MORE THAN 10 SECONDS.

T Limits: From test point I to test point 2, Wf shall not
decrease more than 2000 pph.

At test point 3, Pd shall not exceed 1300 psig.
T

$ NOTE: If the calibration does not meet the specified
limits, the relief valve praload must be reset.

13.2.3 Gear Stage Performance - Set the following test points in the
order shown. Record Np, Wfl, Po, Pd, Pi, Tf%, Pf, Wf2 and Tfm
at each test point.

Tcst Point Pump Drive Speed Pump Discharge Minimum Fuel
(N.) rpm Pressure Flow Limits
r (Pd) psig (Wf) pph

1 50 +5 210 +5 5 ^2
2 2400 T5 245 +5 7500

SNOTE: Read complete paragraph of Limits below prior to pro-
ceeding with test points 3, 4, and 5.

3 4000 +5 1000 +10 Record
4 4550 Ts 1000 +10 40,000
5 4950 +5 300 -I0 Record

Limits: Wf must be within tne specified limits at each test
point. Pd shall be maintained at 1000 +10 psig from1 3500 rpm through test point 4 only.
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Wf shall Increase steadily with increasing rpm and
the opexation of the pump shall be observed for
evidence of relief valve opening high frequency
Pd fluctuation of more than 25 psi and constant or
dropping Wf with increasing Np are indication of
relief valve opening. Evidence of relief valve opening
shall not be cause for rejection but shall be brought
to the attention ol engineering.

3.2.4 Impeller Bypass Valve Operation - Open valve V, and close
valve V2. Without pump turning set Wfl to 90,000 pph. Record E
PoI Pi, Pr, Pd, Wfl, Tfo, and Tfm"

Limits! Pi shall not exceed Pr in excess of 4 psi.

3.2.5 Impeller Performance - Using valves V1 , V3 , and V4 , set the
following points in the order shown. Record Wf1 , Wf2 *,

Po, Pi, Pd, 1 fo' Pf, and Tfm at each test point.

Test Point Pump Drive Fuel Flow Hydraulic Pump Discharge
Speed (Wfl) pph Flow Pressure

(Np) rpm (Wf2 ) pph (Pd) psig

1 4550 540 3500 210 +10
2 4550 40,000 50,000 1000 +10

Limits: The impeller pressure rise (Pi-Po) shall be neither

less than 140 psid nor greater than 160 psid.

3.2.6 Main Filter Bypass Valve Operation

3.2.6.1 Install blank main fuel filter element.

3.2.6.2 Open valves V1 and 'V4, slowly incieabe boost pressure until
flow begins through pump. Record Wfl, P,, Pi, Pf, Tfm and Tfo"

Limit: Pf shall be 18 tc 20 psid when flow begins.

3.2.6.3 Increase boost prpssure until 90,000 poh flow is established.
Record Wfl, Po, Pi, Pf, Tfm and Tfo"

Limit: Pf shall not exceed 22 paid.

NOTE: Pump is not to be operative during these tests.

2.2.6.4 Remove blank main fuel filter element and install B-M element.

3.2.7 Oil Cooler Bypass Valve Operation - Close Valves V1 and V2 and

set the following test points. Record Np, Wfl, Po, Pd, Pi, Pf,
APoc, Tfo and Tfm.

BI1TR-8
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Test Point Pump Drive Speed Pump Dischargt Minfmun Fuel
(Np) rpm Pressure

(Pd) psig (Wfl) p1ph

1 550 210 +5 550)
2 4550 1000 +10 40,000

Limits: APoc shall be 30 +1 psid.

3.2.8 Strainer Bypass Valve Operation.

3.2.8.1 Install blank return flow filter.

3.2.8.2 Set the conditions of test point 1 below with valve V1, closed.
Other points are then to be set by adjusting V1 and 74. Record
4Np, Wfl, Po, Pi, Pr, Pf, Pd, Tfm, and Tfo at each point.

Test Point Pump Drive Speed Pump Discharge Minimum Fuel
(Np) rpm Pressure Flow

(Pd) psig (WE,) pph

1 4550 +5 1000 +10 40,000
2 4550 +5 1000 +10 1000 pph less

than point 1
3 4550 +5 335 +10 13,000
4 4550 +5 210 +10 540

Limits: Strainer bypass valve pressure drop (Pr-Pi) shall be
20 + 2 psid at points 2, 3, and 4.

3.2.8.3 Remove blank filter and install B/M filter.

3.3 Final Inspection

3.3.1 Pump Strainer Inspection

3.3.1.1 Remove the interstage strainer and inspect for chips or foreign
material. If foreign material is found, engineering shall review
and provide disposition.

3.3.1.2 Clean and reinstall the strainer and cover.

3.3.2 Leak-Check - At each of the following test toints, record i-my
shaft seal leakage over a 5-minute period ano any e::ternal leakage.
Also record Np, Wfl, Po, Pig Pd, Tfm, Pf, l and Tfo at the
end of each test point.

Test Point Pump Inlet Primp Drive Speed Pump Discharge
(Po) psig (Np) rpm Piessure

( psig

1 50 +5 500 +5 200 +5
2 20 +5 4550 +5 1000 -10
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Limits: Shaft seal leakage shall not exceed 50 drops for the

5-minute period at each test point. There shall be
no measurable external leakage.

3.3.3 Stand Strainer Inspecticn - At the conclusion of the test, the L

60- to 100-mesh screen type strainer shall be checked for chips
or foreign material. If any material is present, engineering

shall review and provide disposition.

4. PRESERVATION AND STORAGE

After completion of testing, the pump shall be prepared for storage

by preserving with MIL-0-6081B, grade 10W0 oil. The oil must be
supplied to the pump inlet at a 15 tc 30 psig pressure. Rotate the
pump shaft as shown in figure I at 100 to 500 rpm. Flow a minimum of
5 gallons of oil through the pump. Drain and install port covers.
Protective covers, containers, and/or stands shall be used to prevent
damage or contamination of the pumps.

5. APPLICABLE FIGURES

Figure 1 Pump Test Position and Schematic Diag:am

Figure 2 Pump Operating Envelope

I

I
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UNITIZED FUEL AND AREA CONTROL (HSD)

JThe following is a description of the schematic concept of the hydro-
mechanical fuel control proposed by Hamilton Standart4 for the JTFI7 tur-
bofan engine.I

The fuel control onr the JTFI7 engine is a hydromechanical unit uti-
lizing a computing sstem counmon to many Hamilton Standard control sys-
tems. The control consists of three distinct but interconnected systems:
a gas generator limiting and governing system, a two-zone duct heater sys-
tem, and a duct exhaust area control system. The control outputs to these

systems are computed from the measured inputs listed belcw and shown in
figure 1.

1. High rotor speed N2

2. Engine inlet temperature Tt 23. Primary combustor pressure Pb
4. Fan discharge total pressure PT3
5. Fan discharge static pressure Ps3
6. Duct exhaust nozzle area A
7. Power lever angle
8. Shutoff lever angle SOLA

r Ps3

-P•b

I'

Figure 1. JTF17 Engine Control Parameters FD 17169

BIll

STwo of these parameters, PT3 and Ps3, are used to compute the pressure
ratio, (PT3-Ps3) /PT3" which is utilized in the airflow control system.

In addition to the three integrated systems mentiuned above, the con-
trol also signals:

i. Compressor bleeds as a function of N2 and Tt2
2. Compressor inlet guide vanes as a function ot N2 and Tt2
3. Reverser-suppressor position as a function of PLA.

In addition to the external in-uts measured by the control, the con-
trol system incorporates a number of sequencing and interlock devices to
assure proper integration and operation of the total control system. To
adeqgately discuss the control functions, the sy~tem will be divided in-
to four major groups: (1) the gas generator control, (2) the duct exhaust
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nozzle control, (3) the duct heater fuel control, and (4) the independent
functions.

The description is based upon the control schematic shown in the
integrated system layout in figure 2, paragraph B.

A. GAS GENERATOR CONTROL

1. T.2 Sensor

The engine inlet temperature, Tt 2 , sensing system utilizes a remotely
mounted gas-fill]d bu.j and bellows element. The bulb is mounted in the
inlet air stream and converts a change in temperature of the inlet air to
a change in pressure of the gas sealed in the bulb and bellows. The bel-
lows in turn operates a flapper valve. The flaper valve is connected to
a hydraulic signal transmission line supplied with main control regulated
servo pressure. The remotely mounted flapper valve modulates the pres-
sure in the signal line. The modulated pressure is carried through the
signal transmission line to a sensing bellows in the main control body.
The transmission line incorporates a double check valve to permit the
use of a second remote scnsor. The check valve system averages the
two sensors or selects the higher computed Tt2 if Lhe difference be-
tween the two signals is indicative of a temperature difference greater
than a particular valve.

2. Tt 2 Pilot Valve and Servo

The sensing bellows in the control body converts the pressure signal
. from the remote sensor to a force. This force is applied to a multiply-
ing lever system that displaces a double-acting pilot valve. The pilot
valve controls the position of the Tt2 servo. As the servo is displaced
it displaces a feedback roller that acts to restr- the force balance on
the multiplying lever.

To reduce the sensitivity of the servo tc changes in fuel and ambi-
ent temperatures, a unique temperature compensation linkage was devised.
The temperature compensation system utilizes two springs in opposition
to generate the net position linkage load and two other springs to gen-
erate the net rate linkage load. The two pairs of springs are constructed
of materials that have different temperature characteristics and con-
sequently a different rate change with temperature. The springs will be
preloaded such that a change in environmental temperature will not re-
sult in a change in load of the rate and position springs.

The temperature servo, showa schematically, rotates four separate
three-dimensional cams and translates one three-dimensional cam. These
cams serve each of the three primary control subsystems. In addition
the servo positions a two-dimensional cam used to provide a temperature
bias to the slew rate of the duct burner scheduling servo.

3. Windmill Bypass Valve

The windmill bypass valve is positively positioned by a cam operated
by an independent shutoff lever. The windmill valve serves as an arming
and signaling valve to all shiutoff valve and dump valve functions.
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In the off position, the windmill valve routes high pressure directly
to the back side of the gas generator shutoff valve, and to both zone
manifold shutoff valves through the zone valve controller. The gas gen-
erator dump valve will rereive a high pressure and the gas generator
throttle valve regulating valve will receive a low-pressure signal call-
ing for the bypassing or dumping of flow. The throttle valve regulating
valve will be reset to call for a slightly low differential pressure and
will open to recirculate fuel flow at a low pressure rise.

As the windmill valve is moved from the off to the on position, the
pressure signals will be as shown in the schematic. Low pressure will
be routed to the manifold dump valve and the throttle valve pressure

I regulating valve will be reset to modulate at the normal value of dif-
ferential pressure. Gas generator interstage pressure will be routed
to the back side of the gas generator minimum pressure valve, and a drain

' T press :e signal will arm the duct valve controller and allow opening of

the duct shutoff valves as other conditirns permit.

4. Power Lever Mounted Cams

The power lever is shown schematically as having three cams. Only
the two cams which apply to the gas generator system are discussed in
this section. The cam functions which apply to the duct heater system
are discussed later.

5. Gas Generator Speed System

The power lever shaft rotates a three-dimensional cam which is
Itranslated by Tt 2 to produce a portion of the gas generator speed set
signal. This portion of the signal positions one end of an adding
bar. The power lever shaft also rotates a two-dimensional cam which
positions a set of trim rollers. The trim rollers are moved from an

idle speed trim platform, over an intermediate speed trim platform,
to a maximum speel trim platform. The independently adjustable trim
plaLforms control the vertical height of the trim rollers. The ver-
tical position of the rollers is used to position the opposite end of
the adding bar described above. Tne gas generator desired speed aig-
nal is taken from a third point on the adding bar and is therefore a
function of the basic schedule described by the three-dimensional cam

j and the setting of the trim platform in the speed regime desired.

The desired speed signal is compared by a linkage system to an
Sactual speed signal generated by the gas generator speed servo. Tioe

error between the desired speed and actual speed positions the primary
combustor ratio rollers and thereby adjusts the gas generator fuel
flow until there is no speed error.

6. Forward-Reverse Signal Cam

The power lever shaft also operates, through a rotating cam, a
two-position pilot valve, which is a forward-reverse sigi~ai switch.
This pilot valve supplies a signal to the reverser-suppressor con-g trol valve. The reverser-suppressor control valve is discussed later.
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7. Power Lever Boost System

The power lever is provided with a boost system to maintain input
torque at a minimum value. The system consists of a vane-type control
valve and a servo operated drive. As the power lever is moved, the
control valve allows high pressure to be directed to one end of a servo
and rack which is then driven in the direction of pressure unbalance.
As the servo moves, it in turn moves the power lever through the rack. I
As an integral part of the lever assembly, the sleeve in which the con-
trol valve rotates is also repositioned until it establishes a null
condition of the control valve so that pressures at both ends of the I
servo and rack are equal and the system is in balance at a new power
lever position. In the event of boost system failure, the power lever
will be driven by a pin which provides positive engageluent between the I
valve and power lever after a predetermined amount of relative mction
has occurred. %

8. Gas Generator Speed Sensor and Servo System I
The gas generator speed sensor is a flyweight-operated double-act-

ing pilot valve being directly positioned by the centrifugal force. As
the valve is displaced from the null position it actuates, through pres-
sure-unbalance, a speed servo piston. As the servo moves, it positions
a feedback roller thrcugh a feedback cam-multiplying lever and spring I
system to restore a force balance on the pilot valve. This multiplying
lever and spring system is fuel and ambient temperature compensated in
exactly the same manner as the Tt 2 system.

9. Speed Servo Mounted Cams

The cam surfaces which are laterally displaced by the gas generator
speed servo include four three-dimensional cams. All four cams are
rotated by Tt2. One cam contains surfaces describing gas generator
acceleration limiting schedule. The second cam contains surfaces de-
scribing compressor inlet guide vane and actual speed schedules. The
third cam contains surfaces describing the duct heater speed permis-
sion signal, the reverscr-suppressor permission signal, and the com-
pressor bleed schedule. The fourth cam contains the duct heater pressure
ratio desired schedule. The duct heater permission signal routes reg-
ulated servo pressure to the duct heater operation when requested by
power lever angle. The reverser-suppressor permission signal allows I
servo supply pressure to be routed to the reverser-suppressor control
valve when gas generator speed is 90% or less and reverse mode oper-
ation is requested by power lever angle.

10. Fuel Flow Computation

The gas generator speed and flow limit control for the JTF17 en- I
gine is based upon the Wf/P, or ratio unit computer system. Ratio
unit output of the control is proportional to the physical position
of the ratio rollers. The ratio rollers are spring loaded toward high
ratio values and positioned by a two-dimensional ratio cam toward low
ratio conditions. The ratio cam is positioned by an adding bar that
compares the desired speed aignal generated by the speed set cam to the
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cam is positioned as a function of the error that exists between the
actual speed and the desired-speed. An acceleration limiting func-
tion will provide a maximum ratio unit stop for the ratio cam for every
gas generator speed and inlet temperature condition.

111. Pb Sensing and Multiplying

Primary combustor pressure (Pb) is sensed by a pair of matched bel-
lows. The outside of one of the bellows and the inside of the other isfexposed to the environmental ambient pressure. The inside of one of the
bellows is completely evacuated to provide a zero absolute pressure ref-
erence. The outside of the second bellows is surrounded by Pb pressure.

F Therefore, the paired bellows generate a force that is proportional to
Lthe absolute pressure of the compressor d-scharge flow. This force is

transmlcted to the ratio rollers by a multiplying lever. The ratio
rollers in turn rest on a second multiplying lever thar pcsitions thei throttle valve pilot valve and is maintained in force balance by a feed-
back roller positioned by the throttle valve servo. The force gen-
erated by the Pb multiplying lever, acting through the Wf/Pb rollers,
is proportional to fuel flow (Pb 'Wf/Pb= Wf). As the Pb pressure is
changed, or as the position of the ratio rollers is varied, the force
transmitted to the throttle valve pilot valve multiplying lever is

r changed and the force balance of the lever is disturbed.

12. Throttle Valve Pilot Valve and Servo

As the force balance of the throttle valve pilot valve multiplying
le-ver is disturbed, the lever will move an amount proportional to the
fuel flow error. This error forces the throttle valve from the null
position and changes the modulated pressure at the throttle valve servo.

-: The change in modulated pressure causes the throttle valve to move in
a direction to restore the force balance on the pilot valve multiplying
lever by changing the lever ratio through which the burner pressure
force input acts, As the force balance is restored, the pilot valve
returns to null and the system is back in equilibrium with the throt-
tle valve at a new flow scheduling position.

13. Duct Heater Blowout Reset Switch

If an excessive pressure ratio is encountered, the blowout reset
valve will reset the gas generator ratio roller position, resulting
in the fuel flow being reduced to a low value regardless of the other
system parameters. The blowout reset switch will automatically with-
draw when the engine is again operating within normal limits.

14. Fuel Inlet Filter

The control contains a coarse filter located in the fuel inlet

line. The flow pattern over the main filter element is from outside

T to inside. Incorporated in the filter body is a fine mesh servo-
supply screen through which a portion of the main filter flow passes
from the inside of the filter to the control servo-supply system.

The servo filter screen is of the wash type; as the main flow passes
Sthrough the filter it tends to wash away the dirt accumulated on the
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the velocity of the main flow is increased as it pazses the wash filter.
A check valve type bypass is provided around the servo flow filter.

15. Throttle Valve Pressure Regulating Valve

The function of the throttle valve pressure regulating valve is to
maintain a constant pressure difference across the throttle valve meter-
ing window regardless of the size of the window opening. The system
chosen for the gas generator throttle valve is a direct acting valve
with flow couipensa:ing buckets plus a rotating pressure sensor pilot I
valve with an integral reset piston. It may be seen from the schematic
that both the pressure regulating valve (PRV) and the PRV sensor re-
ceive a signal equal to throttle valve inlet pressure on one end and
throttle vave discharge pressure on the opposite end. The end of the
valve exposed to throttle valve discharge pressurp also receives a
mechanical force input from a preloaded spring. Both the PRV and the

L- I c - - -r- v +

inlet and discharge pressures acting on the throttle valve are just
equal to the mechanical force of the spring. In the event that the PRV
sensor is exposed to a low difference in throttle valve pressures, the I
sensor is displaced to cause an increase in the modulated pressure to
the integral reset piston. The reset piston will then be displaced to
cause an increase in the mechanical spring load transmitted to the PRV
and the PRV will in turn move to increase the throttle valve inlet pres-
sure. The system displays the accuracy and force level advantages of a
sensor-equipped PRV system. In the event of a sensor failure, the reg-
ulating valve is capable of operating without the sensor •ith only a
slight shift in the regulated pressurE valve.. This fail-safe condition
is assured by limiting the stroke of the integral reset piston to main-
tain a percentage of normal mechanical spring force regardless of the
sensor-modulated pressure.

16. Throttle Valve

The gas generator throttle valve 4s a servo-operated throttle
valve. The servo displacement is controlled by a throttle pilot valve. 2

The throttle valve metering window area is increased as a linear func- I
tion of throttle valve servo displacement. Because of the constant
pressure difference maintained across the throttle valve window by
the regulating valve, fuel flow through the valve is directly propor-
tional to the window for all flow conditions.

17. Minimum Pressure Valve

The fuel flow from the gas generator throttle valve passes through
a minimum pressure valve before leaving the fuel control. The minimum
pressure valve consists of a piston that must be lifted from its seal
to expose the outlet port. The pressure required to open the valve is
controlled by a spring on the back side of Lhe piston and gas gener-
ator interstage pressure. The function of the valve is to prevent fuel
from passing through the control until a sufficiently high internal
pressure level has been reached to assure proper and accurate position-
ing of the control servos. The minimum pressure valve also serves as 3
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a positive shutoff valve. With introduction of high pressure into the
area behind the piston, the spring force and fuel pressure differential
pressure will close Lhe valve.

18. Servo Pressure Regulator

A portion of the servo tupply pressure drawn from the main filter
J is regulated to a constant level above the control drain pressure. The

valve is a sensor-operated regulator which bleeds sufficient pressure
T into the regulated servo supply system to maintain a preselected pres-

sure. The valve sensor compares regulated pressure tt.-c cl case pres-
sure plus a preset spring forc. If the regulated pressure falls tco
low, the s=r;:w ieduces the modulated pressure acting on the regulatingJ valve and the regulating valve moves to bleed more pressure into the
regulated supply system.

I Frrr lator

The case pressure regulating valve is a sensor-operated regulating
valve very similar to the servo supply regulator. Case pressure is
compared to an absolute pressure source plus a preset spring load across
the regulating valve sensor. If too high a case pressure is sensed,
the modulated pressure behin? the regulating valve piston will be re-
duced by the sensor, and the regulating valve will move to bleed case
pressure into the pump inlet area.

f 20. Thermal Bypass Valve

The thermal bypass valve provides ror bypassing of inlet flow to
the gas generator fuel control when the temperature reaches a pre-I determined value. The valve will control to two temperature levels
as a function of flow. The system consists of a rotating pilot valve,
a temperature sensitive valve, a variable orifice, and a bypass valve.
The pilot valve is driven to the bypass position by regulated pressure
which is modulated by the temperature valve, the variable orifice and
pilot valve. The temperature sensitive valve is located in. the regu-
lated pressure line. As temperature increases, the valve moves to
increase the pressure for driving the pilot valve against a spring
load to the bypass position. This pressure is further trimmed by
the variable orifice which is moved by the throttle valve feedback
linkage as a function of flow. At the required flow ind temperature
condition, pressure to the pilot valve will be high enough to drive it
to the point where the pilot valve iýself will increase pressure caus-

I ing it to be driven completely to the bypass position.' At this point,
high pressure is directed to the thermal bypass valve moving it to the

bypass position.

B. DUCT EXHAUST NOZZLE CONTROL

The duct nozzle area is set to a nominal schedule as a function of
power lever angle biased by Tt2 and this setting trimmed by a duct heater
airflow parameter to maintain the requested airflow.
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1. Pressure Ratio Sensor and Servo

The primary parameter sensed in trimming the duct exhaust nozzle
area is the pressure ratio in the duct, (PT3-Ps3) /Pt3" The fan pressure
ratio sensor is a force balance device. A force proportional to the
dynamic pressure (PT3-Ps3) of the air downstream of the fan is compared
to a force proportional to the total pressure (Pt3) of the air stream.
A force balance linkage divides the dynamic and total pressure forces
trigonometrically to establish a force ratio proportional to the pres-
sure ratio. As the pressure ratio varies, force unbalance in the link-
age system occurs w',Ich causes linkage motion away from steady-state
null conditions. This linkage motion is applied to a rotating four-
way pilot valve through a lever system. The hydraulic output pressure
from the pilot valve actuates a servo piston and feedback linkage system
which is capable of restoring the force balance of the linkage system.
When pressure ratio varies, the pilot valve will cause the servo and
feedback linkage to readjust the force balance until a force equilft-
rium condition is attained. When the sensor is nulled the servo and I
feedback linkage output motion is a direct measure of pressure ratio.
Thc P 4tir7 7" *he servo is a unique pressure ratio.

2. Desired Pressure Ratio Signal

A desired pressure ratio signal is generated by a cam and linkage
system as a function of speed (N2) and temperature (Tt2). The cam
followers are moved from one surface to the other in anticipation of
duct burning initiation and power lever angle step changes. After the
transient is accomplished the cam followers are returned to the run
portion of the schedule cams. The switching from the run cam to the
reset cam is accomplished by the pressure ratio reset piston and Lduses
an increase in the exhaust area and a resultant increase in the duct
pressure ratio. The pressure ratio reset piston incorporates a remote-
adjustment device so that while operating on the run portion of the cam
the duct pressure ratio may be adjusted to achieve optimum airflow oper-
ating conditions.

3. Area Control Valve

The actual pressure ratio in the duct is compared to the desired
pressure ratio by a summation link. A portion of any error observed
is applied directly to the area scheduling linkage to effect an area
trim. In addition, a spool valve positioned by pressure ratio error
meters flow to an integrating piston which adds its output to the area
system. The proportional signal serves to achieve fast response and
the integral signal serves to eliminate all errors introduced downstream
of the integrating piston. The area scheduling linkage displaces, via
a flapper-operated servo, the area control valve. The area control
valve modulates pressure to the exhaust nozzle actuators, and mechanical
feedback from the actuators is applied to the area control linkage to
reposition the area control valve when the desired area is achieved.

I-
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The purpose of this stop is to maintain a fixed area, smaller than
that called for by the pressure ratio sensor system, during low engine
speed operation. During low engine rotor speed operation the nominal

airflow through the engine is reduced and the quality of the pressure
I ratio signals is poor. Under these operating conditions, the maximum
I area stop is engaged to maintain a preset maximum nozzle area. The

stop will remain until the duct burner scheduling servo reaches a
r predetermined value when a pressure signal will cause the maximum area
j stop to withdraw.

5. Area Control Fail-Safe Valve

ifIn the case of a failure of the mechanical area feedback mechanism,
a spring on the area feedback cam will position the cam to indicate a

I maximum exhaust area. This maximum area signal will cause the area
failsafe valve to activate the fan blowout valve and shut off the zone
burner fuel flows.

6. Duct Heater Blowout Signal

If loss of the flame front is encountered in the duct heater, it
T will be sensed by the pressure ratio sensor as a large increase in

pressure ratio. This increase in pressure LtLiu will cause a large
enough error to pressurize a failsafe hydraulic circuit. As the fail-

safe circuit is pressurized, it causes the duct heater blowout valve
to shut off both Zone I and Zone 11 duct burning, and it also caused
the blowout reset piston to reduce the fuel flow in the gas generator
until the large pressure ratio error is corrected. As the pressure
r-tio error dininishes, the gas generator is restored to normal oper-

ation; however, duct burning cannot be resumed until the power level
is retarded from the duct heating regime and advanced to the Zone I
ignition position.

7. Electronic Airflow Control

The prototype version of the unitized control will incorporate an
interface which permits the hydromechanical duct airflow control to
be removed and replaced with an electronic control. The electronic
control will incorporate the additional function of automatic engine
pressure ratio control. The communication links required between the
hydromechanical and electronic sections will be within this interface.

I C. DUCT HEATER FUEL CONTROL

I. Duzt Schedule Pilot Valve

The same power lever used to control gas generator operation is
also used to control the level of duct heating. The power lever con-
tains a cam which, above a predetermined position, will arm the duct
schedule pilot valve and then contril its position. During duct heater
operation, servo supply pressure is ported to the duct heater blowout
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valve to be available as a pressur3 lock in the event the valve receives
a signal to prevent duct heater operation. Such a signal could result
from a loss in area feedback or from duct heater blowout and would be
received in the form of servo supply pressure ported to the back side
of the blowout valve by either the failsafe valve or the duct heater I
pressure ratio sensor through the proportional valve. The power lever -

cam positions the duct schedule pilot valve through a series of levers I
when the blowout valve is withdrawn. However, the movement of the link- 4
age connecting the cam to the valve is restricted by the zone ignition
indicator valves. These valves limit the maximum duct flow schedule
until ignition has been established in each of the two zones of duct
burning.

2. Duct Schedule Servo I
The duct heater scheduling servo is positioned by the duct scheduling

pilot valve and positions a feedback lever Zo null the pilot valve when
the servo has reached its desired position. The rate of scheduling servo
motion is controlled by a variable orifice that is positioned as a function
of Tt 2 . The scheduling servo laterally positions a three-dimensional cam
that contains the dic, burner flow schedule and A schedule.

3. D'ct Scheduling Wf/Pb System

As in the gas generator Wf/Pb system, compressor discharge pressure
is sensed by a pair of matched bellows. The configuration of these
bellows is identical Lu that of the gas generatcr system. The force
from the matched bellows, which is proporLional to abtulute pressure
of compressor discharge flow, is transmitted to the ratio rollers by
a multiplying lever. The ratio rollers in turn rest on a second mul-
tiplying lever that positions the duct throttle valve pilot valve.
Because of the nonlinearity of the duct throttle valve, feedback to
the pilot valve is accomplished by means of a nonlinear linkage incor-
porating a second set of rollers to restore balance to the multiplying
system. The ratio rollers are positioned by the duct scheduling servo
as a function of power lever angle to establish desired Wf/Pbh .. :.
set of rollers is equipped with provisions for a remotely adjustable
maximum ratio stop.

4. Low Speed Protection Valve

The duct scheduling pilot valve is restricted from initiating duct
heater burning until the gas generator speed is above a certain value.
The low speed protection valve, which is =ontrolled by the gas generator
speed servo, cuts off the servo supply pressure source for the duct
scheduling pilot valve. Only when the gas generator is above a certain
speed can duct heating be scheduled.

The low speed protection valve also prevents the reversers from
operating 3bove a predetermined speed by porting drain pressure to
the reverser control valve and holding it in the forward thrust posi-
tion regardless of reverse arming valve position. When engine speed
decreases to below this set point, the valve will move to a position
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reverser control valve, allowing the clamshells to be moved to t.e
reverse thrust position when requested.

5. Zone I and Zone II Fill, Shut Off, and Dump Valve Sequencing

The duct heater controller valve coordinates the various phases
of duct ignition and fuel manifold quick filling. When the gas gen-
erator speed servo activates the duct permission switch and the duct
pressure ratio is within normal limits, the controller may be positioned
by power lever to produce the following signals:

1. The Zone I manifold dump valve will be signaled to close.
2. The Zone I ignition sequencer will energize the duct heater

igniters.
3. The pressure ratio reset piston will be signaled to increase

the duct nozzle area in anticipation of duct heater initiation.
4. The Zone I fuel shutof. valve will be signaled to open, causing

gas generator pump interstage flow to be ported to the Zone I
fuel manifold for quick filling.

At the end of quick fill, the circulating flow valve will be sig-
naled to close by the Zone I fuel manifold fill sensor. The duct heater
fuel scheduling servo wi'.l be held at lightoff fuel flow ratios. The
Zone I fuel manifold fill sensor signals the duct burner ignition switch
to begin moving such that 0.25 second after the end of quick fill duct
heater ignition is stopped. With the end of duct heater ignition, the
duct heater scheduling servo is released from lightoff fuel flow ratios,
and the power lever may position the servo to select higher ratios.

As the power lever angle is advanced through the transfer from
Zone I, to Zone I plus Zone II, the following signals are produred:

1. The Zone II manifold dump valve is signaled to close.
2. The Zone II fuel shutoff valve is signaled to open, causing

gas generator pump interstage flow to be ported to the Zone
II fuel manifold for quick filliag.

3. The duct heater fuel scheduling servo is limited to transfer
fuel flow ratios.

At the end of quick-fill, the Zone II manifold fill sensor will
release the hold on the duct burner scheduling servo transfer fuel
flow ratios and allow the power lever to position the servo to select
higher fuel air ratios up to maximum duct heat.

6. Duct Fuel Flow Computation

The duct fuel flow computation is accomplished through a roller
position and multiplying lever system similar to that used in the
gas generator system.

7. Fuel Flow Ratio Roller

The computation system consists of a set of rollers, positioned
by the cam on the duct scheduling servo, whose position is a function
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of the desired ratio cf Wf/Pb. This set of rollers operates between
two levers, one lever transmits a force proportional to gas genorator

burner pressure, from a bellows assembly as described ir the gas gen-
erator section. The other lever positions the duct heater throttle
valve pilot valve and receives a feedxack force, through a seL of
rollers attached to the throttle valve, proportional to throttle --lve
position.

8. Filter

T1-e inlet to the duct burner fuel flow system is protected by a
coarse screen. After the flow has passed through the coarse screen,
"a portic of the flow is drawn off through a fine filter for use as
"a computing fluid. The fine filter is an integral part of the main
filter body. A check valve type bypass is provided around the fine
filter.

9. Throttle Valve

The duct heater throttle valve and servo are very similar to the
gas generator cgntrol throttle valve except for -hysical size. The
duct heater vplve is larger to accommodate the higher flow require-
ments. The throttle valve servo is positioned by the thrott½e valve
pilot valve, and feedback is through a set of rollers attached to the
throttle valve.

10. Regulating Valve

The zone throttle valve regulating valve is a flow-compensated
servo-operated valve, with the pressure sensor pilot valve working
through a reset piston in the same manner as the gac generator reg- I
ulating valve, and with the same reliabiiity safeguards. The major
difference between the two valves is that the duct regulator contro]a
the throttle valve pressure drop by changing the throttle valve dis-
charge pressure with a variable restrictor in the discharge line, !
while the gas generator regulator controls the throttle valve pressure
drop by controlling tl.c throttle valve inlet prasure with a bypass
for excess pump flow. The difference in the two systems is allowed I
through the use of a centrifugal p-p to supply the duct system, while
the gas generator system is required to use a positive displi "ment
type of pump.

11. Zone I Shutoff Valve

The Zone I shutoff valve serves to prevent flow to the Zone I
manifold until certain desired conditions have been met. In the closed
position the valve is maintained in a pressure balance condition by the
routing of fine filtered flow from the duct inlet filter to the back
side of the valve position. In this condition the v-lve is positively
held against its seat by a mechanical spring force. When the valve
receives a signal to open, the valve piston is exposed to drain pressure,
and when the outlet pressure is sufficient, the shtutoff valve will open
against its spring load and allow flow to pass to the Zone I manifold.

I
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SI 12. Zone II Shutoff Valve

The Zone II shutoff valve works in the same manner as the Zone I
21 shutoff valve.

13. Zone II Quick-Fill Valve

I The quick-fill system draws fuel from the gas generator pump
interstage to fill the Zone II manifold. When the fuel manifold is
full, as sensed by the Zone II manifold fill sensor, the quick-fill
valve will shuttle porting duct heater metered flow to Zone II manifold.
The fuel flow split between Zone I and Zone II is accomplished by the
pressure flow characteristics of the flow nozzle.

14. Circulating Flow Valve

The circulating flow valve is controlled by the fill, shutoff,
and dur'p valve controller through the Zone I manifold fill sensor.
Sequencing of the valve is such that it is open for all duct heater
off conditions. When the fill sensor indicates Zone I fuel manifold
is full, the fill sensor will shuttle, allowing the circulation flow
valve to close.

15. Duct Heater Secondary Cooling Flow Valve1

During duct heater operation, duct heater flowt is required for
cooling such that total control inlet flow is 3000 pph minimum. This
is accomplished by the secondary cooling flow valve which is attached
to the throttle valve feedback lever. When metered flow is 800 pph
the valve passes 2200 pph from control inlet to gas generator interstage.

I As metered flow increases, cooling flow decreases until such time that
metered flow is 3000 pph and cooling flow is reduced to zero.

16. Manifold Fill Sensors

The manifold sensors consist of a piston which senses manifold
pressure on one side and duct static pressure on the other side, and
a spring loaded pilot valve. When operating in the nonaugmented regime
the spring loads the sensor piston in the zone off position. As fuel
is supplied to the manifold, fuel pressure will overcome the spring
force and move the pilot valve to the zone on position porting pressure
to the proper systems.

1 17. Duct Burner Ignition Switch

The duct burner ignition switch, which is positioned by signals
from Zone I manifold sensor valve, is used to move an Ignition indi-

j cator valve in addition to energizing the duct heater electrical
ignition system. The servo sequences the unlatching of the Zone I
ignition indicator until burning has had sufficient time to be es-
Stablished. This function prevents the too rapid addition of fuel
to the duct burners at the initiation of burning. An orifice in the
signal line is used to control travel rate of the ignition valve.
When the ignition timer servo has traveled its full stroke, it opens

BIII-A-13
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a hydraulic port which signals the indicator valve to withdraw. With-
drawing of the Zone I indicator valve permits the duct scheduling
servo to advance to the Zone II burner ignition point upon demand,
and withdrawing of the Zone II ignition allows the scheduling servo I
to advance to maximum power position.

18. Zone Indicator Valves

As previously described, the zone indicator valves sequence the
movement of the scheduling servo until after Zone I ignition hold is
released, or in the case of Zone II, until the fuel manifold has been I
quick filled. The Zone I indicator valve also sends a signal to the
reset, indicating duct heat initiation.

19. Turbopump Controller I
The centrifugal pump used to supply high pressure fuel to the duct

burner metering system is driven from a turbine powered by high pressure
air bled from the gas generator compressor. The airbleed is controlled
by a butterfly valve in the bleed duct. The butterfly valve is posi-
tioned by an integrating servo which received hydraulic signals from
the pump controller mounted in the fuel control package.

The pump controller consists of a split G-load compensated, pilot
valve and a proportional servo piston. The valve is constructed to
compare zone throttle valve inlet pressure to regulating valve outlet
pressure. If this pressure differential is too high the pump flow
will be reduced to reduce the engine power absorbed by the pump. The a
split pilot valve consists of two double-acting pilot valves; one

valve routes an immediate input to the remote butterfly valve inte-
grating piston, while the second valve routes flow to the proportional
piston. As the proportional piston moves, it repositions the split
pilot .a-ve to null position by means of a feedback spring, and opens
a pilot valve which is directly positioned by the servo. The servo-
positioned valve remains open and combines its flow with that from I
the split valve until the split valve is displaced to reposition the
proportional piston and servo positioned valve to their null position.
The concept involved in the controller is called a derivative plus i
proportional integrating system and allows the incorporation of two

system time constants for fast response and stability.

D. AUXILIARY CONTROL FUNCTIONS

1. Compressor Inlet Guide Vane Control I
The compressor inlet guide vane control is a two position pilot

valve positioned by N2 and Tt2. During an engine start, the vanes
will be in the cruise position and will move to the take-off position a
at the proper N2 as engine speed is increased. The pilot valve will

be moved from the takeoff position to cruise as Tt2 is increased.
Operation of the inlet guide vanes for the aero-brake function is
presented elsewhere in the proposal.
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2. Reverser-Suppressor Control

The reverser-suppressor control is a two position pilot valve
which requests the reverse or forward position of the reverser-
suppressor as a function of power lever angle. The reverse positions
cannot be requested when N2 is equal to or greater than a predetermined
speed. 1,

3. Compressor Bleed Control Valve

The compressor bleed control valve is a remotely mounted pneumatic
unit that signals the compressor bleed to open or close as a function
of Tt2 and N2 . A two-position pilot valve in the control provides a
hydraulic signal to actuate the remote control unit.

4. Secondary Air Control

I Provisions are included in the control for signaling a secondary
air control. This signal may be used to position a valve or series
of valves which would regulate the aircraft nacelle secondary air.

I

[
I
I
I
I
[

A.
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APPENDIX B

UNITIZED FUEL AND AREA CONTROL (BENDIX)

S.A. GAS GENERATOR FUEL CONTROL

The engine parameters used in performing the wc-'- functions of the
fuel control are rotor speed (N2 ), engine inlet temperature (Tt 2 ), and
primary combustor pressure (Pb). A schematic drawing of drawing of the

r> proposed control is shown in figure 1.

1. Engine Rotor Speed Actuation System

The rotor speed sensor and actuator is presented in figure I at the
bottom to left of center.

Speed is sensed as the force output of a set of centrifugal weights
and is applied at a fixed lever arm to a moment balance servo system.
This force is balanced at null by a spring operating at constant height
acting through a roller positioned by a feedback cam. Force or moment
error is detected by a rotating servo slide valve which positions a
piston to rotate the speed cam shaft. A feedback cam is contoured to
pcsttion the roller to kalance t-z "pzed zquare!" weiglh force with
shaft rotation proportional to this force. The speed cam shaft, in
addition to thR feedback cam, drives the acceleration cam, the governor
cam, the pressure ratio scheduling cam, the compressor bleed schedule
cam, the inlet guide vane schedule cam and the duct arming cam.

I 2. Engine Inlet Temperature Sensors and Actuator

JThe Tt2 sensor and actuation system is shown in figure 1 in the lower
left corner.

Two gas filled tube sensors are used to sense compressor inlet tem-
perature. A helium filled helical tube, which is located in the air
stream, exerts pressure on a diaphragm in the sensor proportional to
temperature in accordance with the gas laws. This gas pressure is balanced

T by fuel pressure differential across a bellows. A bleed servo valve
X system, operated by the balance beam position, regulates the fuel pres-

sure differential as required to maintain the moment balance on the beam.j Since two sensors are used, a signal selector valve located in the con-
trol selects the pressure signal which represents the highest temperature
indication and delivers this pressure to the temperature receiver bellows.
This pressure acts through a linear pressure-to-travel servo actuator to
translate a group of speed cams and through levers to translate the AP/P
trim, speed request, plateau and duct schedule cams. A feedback lever

closes the servo actuator loop.

1. Since two sensors are used with a selector to deliver the proper
signal in the event of failure of one probe, the failure would go unnoticed.

r An indicator is included to show by inspection that one of the sensors is
out. A pair of opposing bellows will displace the indicator lever if the
signals differ by more than the allowable tolerance. The indicator is
spring loaded against a tab and when the allowable error is exceeded,
slips past the tab thus locking in the failed error position.

BIII-B-l
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Ii 3. Primary Combustor Pressure Actuator

The primary combustor pressure, Pb, actuation system is shown in
figure 1 in the center.

Primary combustor pressure is sensed by a bellows which exerts a
I moment on the servo lever. This moment is opposed by a constant height
Sspring acting at a distance from the fulcrum determined by the position

of the roller. The flapper displacement due to moment unbalance results
in piston displacement to renull the system through roller displacement.
Thus, piston displacement is proportional to Pb. The constant of pro-
portionality is variable with load of the reference spring. A cam is
rotated by the Pb actuator. The cam is used as the multiplier to estab-
lish the main gas generator flow. Pb limiting, if required fir the main
gas generator flow, may be obtained by slope reversal of the cam contour.

4. Rotor Speed (N2 ) Request and Plateau Setting

The power lever sheave and speed and plateau schedule cams are at
the left side of figure 1 and are repeated in the upper center portion.

The power lever sheave drives a step-up gear which in turn drives
the N2 schedule cam in rotat2Dn. The step-up gear carrier pivots freely
except for the restraint of a spring centered servo slide valve to which
it is linked. Differential torque displaces thisi valve to actuate power
boost pistons on the output shaft. The schedule cams are 3D cams trans-
lated by Tt2. The outer radius of the N2 schedule cam represents the
idle setting, and increasing speed request, are represented by cam fall.
The plateau cam rises with increasing ratio setting.

"5. Acceleration Flow Scheduling System

The acceleration scheduling system is shown on figure 1 near the
I center.

The acceleration cam is rotated by the speed (N2 ) system and trans-
1 lated by the Tt2 system. The contour provides a schedule of fuel-air

ratios (Wf/Pb) as a function of speed and temperature. The cam arrange-
ment provides cam fall with increasing ratios to permit governor "bump-
ing". This cam provides a suitable schedule for engine start and
acceleration, and a zero speed ratio level for emergency engine opera-
tion in the event of speed shaft failure. The follower link travel is
boosted to the main flow multiplier Pb cam. At the multiplier the
fuel-air ratios appear as follower displacement axially on the cam which
rotates as a function of Pb. A second follower is displaced by the
initial follower such that its displacement is the product of Wf/Pb and
Pb- This product is therefore proportional to the required fuel flow
and is the output of the computer to the fuel metering section. A level
adjustment in the computer permits presetting the output level position
for purposes of interchangeable mating of components.

1 6. Speed Governing System

The governing system is shown in figure 1 in the upper center.

BIIl-B-5-
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This is a bump-type governor system in that the travel of the governor
cam follower has no effect on the fuel schedule until its schedule and
the acceleration schedule become identical. At this point the governor
lever "bumps" the acceleration follower link, lifting the follower from j
the acceleration cam, and the governor schedule assumes complete schedul-
ing control. Speed schedule is a function of power'lever angle biased-
by Tt2.

The governor cam is rotated by speed (N2 ). The output at the follower I
is a continuous fall rate with increasing speed. The governor follower,
lifts one end of a walking beam and the other end is positioned by the N2
schedule cam. As illustrated, the governor follower is moved to the left
with increasing speed, moving the opposite end to the right. The schedule
cam positions the center of the walking beam. Prior to governor take over,
the spring on the schedule follower merely loads the acceleration cam
follower through the linkage with the schedule follower suspended above
itz can. As the governor cam falls with increasing speed, the schedule
cam follower also falls toward Its cam until it bumps. Continued fall of
the governor cam lifts the follower linkage from the acceleration cam,
and the ratio schedule is established by the governor cam.

Whe he governor is in control of the acceleration follower link,

boost atj multiplication are identical to that previously described.

The idle speed adjustment is also shown. The ofter tracks of the
adjustment linkage remain parallel at maximum speed and are wedge shaped
when the idle speed is selected and is being adjusted. Thus, this adjust-
ment can adjust the speed level desired by means of wedging action and
simultaneously change the linkage ratio so as not to affect a change at
the other speed level.

7. Plateau System

The plateau scheduling system is shown in the upper center portion of g
figure 1.

-- This is a bump-type system in that the position of the plateau cam *1
follower has no effect on the fuel schedule until the governor schedule I
and the plateau schedule become identical. At this point a lever in the
governor linkage "bumps" the plateau follower, which results in transfer
of the schedule to the plateau cam. This schedule is a function of power
lever angle and Tt2 with a remote control motor driven adjustment. When
the plateau system is in control of the acceleration follower link, boost
and multiplication are identical to that previously described.

The plateau adjustment consists of a mechanism for manual or remote
control motor positioning of a roller between nonparallel levers, which
effectively changes plateau cam height of the follower lever. It affects
all plateau settings by equal ratio values.

B. DUCT EXHAUST NOZZLE CONTROL

The purpose of the duct exhaust nozzle control is to regulate the
engine airflow by throttling of the duct airflow. The nozzle area is 2

BI3-9-6

_I7



I Pratt &Whitney Alrcraft
PWA FP 66-100

Volume III
basically scheduled by Power Lever Angle biased by Tt2. This schedule is -,
subject to trim by the airflow parameter (PT 3 - PS3)/PT3 system simply
referred to as AP/P. The AP/P parameter is in turn scheduled by N2 and

1Tt2,

1. Duct Pressure Ratio (AP/P) Scheduling and Error Computing System

The pressure ratio scheduling system is shown schematically in the
left portion of figure 1.

"I The basic AP/P schedile is established by a cam contour on the speed-
temoerature cluster. Cam travel is transmitted by a shaft to the boost
linkage. The boost input linkage incorporates a pair of nonparallel
levers with a wedging roller between. This roller is positioned ly a
level adjusting remote control setting motor acting through a temperature
biased cam. In this manner the trim authority .s limited in the up and
down trim regions as a function of Tt2. The boost piston rotates the
AP/P request cam, which is contoured as the natural logarithm of the
schedule. The logarithmic schedule positions one end of the walking beam
error link.

I! The sensor is a parallel track moment balanze system which balances
the moment of a PT3 - PS3 differential pressure force, sensed t'-rough a
bellows, acting at a fixed lever arm against a PT3 pressure force which
is sensed by an evacuated bellows and acts through the roller-to-pivot
lever arm. The roller position is the pressure ratio, delta P/P, when
the moments balance. An error in the sensed delta P/P from the scheduleIvalue rotates the torque tube sealed output shaft, displacing the double
servo flapper valves. The piston displaces acco-,ingly, which in turn
translates the roller to return the system to ni.1 balance. In this
manner the piston position is proportional to dElta P/P, as sensed. TheI piston rotates the delta P/P sensed cam which, like the request cam, is
contoured as the natural logarithm of the sensed ratio. This cam posi-
tions the remaining end of the walking beam error link. Logarithmic
contours are used to provide incremental changes which are percentages
of the r-!tio at the initial point.

With one end of the error link positioned by the schedule and the
otner by the sensed pressure ratio, displacement of the center from its
null position represents percent error between schedule and actual pres-
sure ratios. This error acts through the reset lever to position a
slide valve which operates the integrating piston, and the slide vdlve
position it:elf is the proportional input to the area feedback. The pro-
portional plus integral settings are used to correct minor errors in
scheduling of the ducL nozzle area. The reset lever pivot position is
displaced when an error exists in the duct fuel scheduling system to
effectively call for a percentage increase in the scheduled delta P/P.
The reset signal displaces the reset piston rapidly, but when it is
cutoff removal of reset is at a rate dependent upon flow rate through
the discharge bleed.

I Duct blowout iE detected by displacement of the proportional linkage
by an amount representing a 15% high delta P/P error. At this point,
an auxiliary link bumps and opens the blowout de~ector.
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2. Duct Nozzle Area Control - Nonduct Heating

The portion of the schematic applicable is shown in the upper left
center of figure 1.

During power lever selection throughout the nonduct heating regime,
the duct request input to the area servo scissors link is constant. The
control parameters for the duct area are therefore only the delta F/P
system and the area limiter system. Normally, the delta P/P system will
control the nozzle area. As previously discussed, an error from schedule
displaces the propcrtional valve which moves the area feedback follower
l.,tk, causing the scissors to move the flapper of the boost system to the
nozzle area control slide valve. The integral piston is also moved at
a rate proportional to the error to displace the area feedback cam
axially, thus adding to the integrator piston input to the scissors. The
output of these mechanisms is servo boosted to actuate the slide valve
which controls flow to the duct nozzle actuators. Area feedback from the
nozzle tends to null the previous scissors inputs, resulting in a nozzle
area rate of change proportional to the integrator rate which in turn is
proportional to the initial error in delta P/P. The system returns to rest
when the delta P/P error has been satisfied, causing the proportional piston
to return to null and the integrator to stop.

The sequence described above provides for proper duct nozzle operation
at and near maximum rotor speed, where a variation in nozzle area with
speed is desired. However, during start and operation in the lower rotor
speed range, a constant nozzle area is satisfactory. The desired delta
P/P schedule results in essentially a constant duct area and since the
signal strength of the delta P/P parameter is low and erratic during engine
start and at low speeds, it is desirable to schedule the area to a fixed
value. The delta P/P schedule in this range is established to provide a
slightly larger nozzle area than actually desired. The area scheduling

cam, shown at the bottom of the schematic to left ef center establishes
a scheduled area such that at the limit of the integrator area trim
authority, the area will be 4.5 square feet. In this manner th2 maximumnonduct heating area is limited.

3. Duct Nozzle Area Control Duct Heating

When duct heating is in operation, the duct nozzle area (AJ) scheduling
cam is rotated as a function of power lever angle and translated by Tt2.
The duct request minus feedback error to boost provides proper hold and
sequencing as required to accomodate the duct metering system. Correlation
between Aj and fuel is maintained by scheduling Aj simultaneously with
duct ratios. The Aj schedule is transmitted to one arm of the scissors
link at the top of the schematic. An increase in Aj request raises the
scissors input lever which closes the area boost flapper. This results
in a slide valve displacement to increase nozzle area. As the nozzle area
changes, the feedback cam raises the feedback arm of the scissors to
renull the servo slide valve. The slide valve is nonsymmetrical and pro-
vides for a faster opening rate than closing rate. I

The area is subject to continuous setting during duct heating to main-
tain delta P/P as scheduled by the proportional plus integral output of
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the delta P/P system. Area lead during increase of duct heating and lag
with decrease is provided by the reset of delta P/P with the error valve
linked to the duct request of feedback error lever.

4. Nozzle Area Feedback Cable Failure

When a cale failure occurs, the Aj feedback cam rotates beyond its
normal range to a level indicatitg an area so small that no request can
be satisfied. The resulting error drives the nozzle wide open. For most
operating cunditions the resulting delta P/P error will trigger the blow-
out detector and shut down the duct flow.
0
C. DUCT HEATING FLOW CONTROL FUNCTION

Fuel flow to the duct burners is scheduled during steady state as a
direct fuinction of power lever angle biased by Tt2. Transiently, however,
flow is sequenced through a latch device. Various armirr devices are
required to prevent duct heating until engine operating conditions are
favorable.

I. Duct Heater Arming and Blowout Circuit

Duct flow responds to power lever request changes through a servoJ actuation system. The arming circuit prevents operation of the sched-
uling system by venting servo pressure from the actuation system to

Pfcb until all other requirements for duct heating are met.

The duct initiation valve is vented to Pfcb through the Zone I cut-

off during nonduct heating operation. Movement of the power lever to
the duct heating range repositions the valve due to cam lift and ports
Pfs to the system through the line labeled Pfda, which is channelled
through the blowout valve to the speed arming valve. The speed arming
valve is closed only when the engine is above 80% speed. Since both
duct burning and speed selection is made with the power lever, a high
speed must be requested when the power lever is advanced to the duct
burning regime.

Once duct heating has been initiated and Zone I cutoff pressure
becomes Pfs, retardation of the power lever does not vent the arming
signal to Pfcb until the actuator has reduced the fuel to the minimum
level and cutoff Zone I flow. This interlock is provided to prevent
severe transients in the duct.

In the event of duct blowout, the blowout detector at the pressure
ratio sensor (previously described) vents Pfbo to Pfcb causing the duct
blowout shuttle valve to stroke to the left. This cuts off the normal
duct arming supply to the duct actuator and vents the actuator to Pfcb,
causing the actuator to retract at maximum velocity and cutoff from
the duct. As long as the duct arming signal is supplied to the blowout

shuttle, the duct system is not operable. Retraction of the power
lever to the nonduct heating range is required to vent the shuttle and
permit the return spring to rearm the blowout system. Reinitiation of
duct burning is disallowed until the duct fuel has been shut off and
the Zone I cutoff pressure returns to Pfcb" This interlocking action
assures that a relight cannot be attempted until the duct system has
returned to its starting position.
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2. Duct Fuel Flow Computation

The portion of the control used in computation of duct heating fuel
flow is shown schematically below the center of figure 1.

As discussed in the section on area control, the duct riquest cam
forms the request for the duct heater meter. Actuation of the sched-
uling camshaft Is by a double diameter piston controlled by a flanperI
servo. The flapper position is an indication of the error between the
request and the camshaft position as indicated by the duct feedback
cam. The camshaft drives a timidg cam, a duct scheduling cam and the
area scheduling cam.

Prior to the circuit being armed, the actuator is at the extreme
right, the timing valve is at its top position, and the scheduling
cam is at minimum schedule. Once armed, the request holds the flapper
closed, causing the actuator motion. The feedback cam is on a flat,
causing the actuator to attempt to continue stroking. The timing i
valve is moved along with actuator motion and provides a signal pres-
sure to the Zone I cutoff to open and vents Pf to the latch release. 3;
The hold land in the timing valve arrests the auct actuator at this
point by venting Pfx pressure. The system is now in a hold state with
Zone I turned on at minimum schedule level. The Zone I signal also arms
the timer and starts the ignition. I

The manifold fill system is located in the duct metering body to be
discussed later. When the manifold is filled, the fill detector vents
the duct ignition piston to continue the duct ignition for a period
of time by supplying pressure to a pressure actuated electrical switch.
Near the end of the piston stroke, a latch release port is pressurized,
and the latch release plunger strokes to close the Pfx hold vent. Com-
pletion of the piston stroke results in decay of chamber pressure and
the adjacent shuttle valve strokes. This valve vents the piston which
turns off the ignition and returns the piston to its initial position.

A port is also uncovered which provides Zone I signal pressure at Pfs I
level to the Zone II arming port in the arming valve. Zone II may now
be started to quick fill if the original request is made at the power
lever. As the piston advances in Zone I following latch release, the I
valve recloses the port to the latch release as well as the hold port,
and the release plunger returns to the retracted position with the hold
port vented. The duct scheduling cam is at its minimum schedule level
during Zone I initiation and 1 atch. If the power lever request is within
the Zone I range, the scheduling piston continues to stroke until the
feedback cam satisfies the request. I

If the Zone II is selected and the shuttle valve is stroked, the
Zone II cutoff signal is transmitted to the met ing section to open
the cutoff, initiating Zone II manifold fill. If maximum Zone I is
reached before the Zone I1 manifold is filled, further downstroke of the
valve vents Pfx from the scheduling piston at this point, resulting in
schedule hold. When the Zone II manifold fill sensor indicates a fill
and the shuttle valve (see the Flow Section) operates, a plunger provides
Pfs pressure to the latch release plunger, closing the Pfx vent and
releasing the scheduling piston into Zone II.
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Advancement into Zone II closes the vent line and the arming valve
supplies Pfs at this point. Thus, retarding the power lever below the
Zone II position prevents shutoff of Zone II until the scheduling piston
has reached the maximum Zone I position.

V
A dual servo is shown at the duct scheduling piston. At low values

Iof T
of T 2 both servos are operative and the system is relatively fast inSsche uling. As Tt2 increases with flight Mach number, a range is reachedJwhere the inlet duct is started and rapid transiento are not advisable.

A Tt2 actuated valve cuts off one of the servos, resulting in slower
scheduling of fuel and area above this temperature.

The follower linkage of the fuel ratio schedule cam to the boost
servo is a differential lever arrangement with a roller adjusting the

i lever ratio. The levers are parallel at the minimum schedule level,
thus making the manual adjustment a duct schedule slope adjustment. The
boost is a followup servo and strokes a follower on the multiplying cam.
The multiplying cam is rotated by the Pb servo, also used by the main
multiplier. The height of the movable follower is picked up by a second
follower, the level of which is proportional to fuel flow and is the

SI input to the metering section.

1I D. FLOW METERING SECTIONS

This portion of the control contains the main and duct fuel meter
valves, head regulators, cutoff valves, and mechanisms associated with

j operation of these valves.

1. Main Flow Section

I Referring to the overall system schematic, fuel enters the flow
section from the main engine driven pump through a wash type filter
(for servo flow) and a screen total flow filter. Wash filtered fuel.1 is channeled to the servo pressure regulator which throttles the fuel
from entering Pf2 pressure to maintain a constant Pfs - Pfcb pressure
drop. Pfs supplies all computer servos. Nozzle flow is scheduled by
a plug type metering valve across which the ?f2 - Pf3 drop is held
constant. Fuel then passes through the pressurizing cutoff valve to
the engine nozzles. Excess pump delivery is returned to pump inter-J stage from Pf2 by action of the bypass valve.

Scheduled fuel flow appears as a push rod position at the flow
body-computer interface. A follower lever with a high-to-low pressure
fuel seal amplifies this request and positions the metering valve with
a following servo piston.

"Metering valve servo supply is wash filtered Pf2 referenced to
metered pressure, Pf 3 . The metering valve is contoured to provide
an effective orifice area proportional to valve displacement from the
closed position; in this manner, the valve position is also directly
proportional to scheduled fuel flow. The adjustable follower on the
positioning lever permits independent calibration of the flow body
to preset levels, assuring interchangeability. The minimum flow stop
is also shown acting at the servo arm.
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The bypass valve isiof the integral plus proportional type. A

bellows sensing the Pf2 - Pf3 head is opposed by a temperature com-
pensated spring load. An error in sensed head displaces a flapper g
servo from null, causing the integrating piston to reposition a sleeve
type bypass valve. A plug valve within the integrator valve also
senses Pf2 - Pf 3 across its piston area, which is opposed by a spring.
This is the proportional valve which acts to correct the regulated 3
metering head during rapid transients. The shutoff shaft rotates the
shutoff cam which operates the shutoff pilot valve and provides a
mechanical positive drive to close the shutoff valve in the event that
hydraulic actuation should fail. The shutoff pilot .41lve, as the I
shutoff lever is moved to turn on, switches Pfs/o from Pf2 to Pfo to

close the manifold drain, switches the shutoff valve reference pressure

from Pf 2 to Pfl 1 switches the windmill bypass reference pressure from ISPlto Pf 2 , and switches signal pressure Pf0 /5 from Pfo to ff24  These

changes occur in the sequence named. -The manifold signal is externally
supplied to the engine manifold drain valve. The shutoff valve is per-
mitted to open when referenced to Pfl but performs as a pressurizing
valve at low flows to assure sufficient pressure for servo operation.
The windmill bypass valve passes metered flow to the bypass channel
during shutoff and maintains pressurization at that time. A Pf2 ref-
erence closes it.

The Pfo/s signal is used to operate a duct shutoff interlocking
valve shown at the left on the schematic adjacent to the timing valve.
Unless pressurized to Pf2 pressure, this valve vents all duct shutoff
pressures, thus assuring duct shutoff with the main.

2. Main Burner Schedule Reset on Duct Burner Blowout

Main burner reset on duct burner blowout is accomplished through f
two servo orifices which sense pressure ratio error at the proportional
link in the computer through a set of levers- At 5% error the main
burner derich valve opens, reducing pressure on the spring loaded
switch piston in the fuel body. The spring load is such that the valve
will not shuttle until the pressure is also removed from the blowout
piston. At 157. error the second orifice, called the blowout detector,
opens. This vents the floating piston, and with no pressure force
resisting the spring, the valve shuttles which reduces the pressure
back of the derichment shutoff valve. This shutoff opens, allowing
metered fuel to be regulated through the compressor discharge referenced
regulator. At the second servo valve opening, the blowout valve is actu-
ated which shuts the duct down and the pressure source to the second
servo valve is removed until rearmed by recycling of the power lever.

As the pressure ratio error is reduced below 15%, the second servo
valve closes but there is no pressure buildup because the pressure
source is shut off. The main burner remains deriched until the error
reaches 5% and the first servo valve closes, building up the pressure
behind the switch piston and the valve shuttles closed. This closes
the derichment shutoff valve and the main burner returns to schedule.
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Referring to the system schematic, the duct metering section is inj the lower right hand portion. Flow enters from the air turbine driven
pump at pressure Pfld' The wash filtered Pfld fuel is used in the
metering and throttling servos. Discharge from the wash filter is at

Pf2d pressure. The flow then passes through the metering valve, the
throttling valve, aud the shutoff valves to the zone nozzles. A check
valve assures wash filter velocity.

[ Scheduled fuel flow appears as a pushrod position at the flow body-
computer interface. Servo positioning of the metering valve is as
previously described for the main system. Metering head, Pf2d - Pf3d,
is maintained by an integrally positioned throttling valve. This
pressure head is sensed by a compensated, spring opposed, bellows with
head error establishing the integrating rate of the throttling valve.
Using Pfld wash filtered fuel at a pressure above Pf2d to power the
metering valves and throttling valves assures that piston leakage is
from clean-to-dirty fuel, thus preventing contaminant from seizing

the pistons.

The metering valve has a dual gain contour to provide sufficient
accuracy within the positioning accuracy attainable at low flows.I

The zone shutoff pilot valves are operated by servopressure, con-
trolled by the duct control valves. The valves vent the pilot pistons
to Pfcb during shutoff and Pfs during flowing operation. Each pilot
piston operates a double seating poppet valve. In shutoff position,
the poppet valve supplies entering fuel pressure to the back side of
the shutoff valve, and the differential pressure assists spring closing
of the valve. In operating position, with Pfs supplied to the pilot
piston, the back side of the shutoff valve is vented to Pfcb by the

poppet valve allowing the Pf4d - Pfcb differential acting on the outer
circumferential area of the shutoff valve to overcome the spring and
open the valve. The pressure behind the shutoff valve is supplied to
external ports as control pressures for the manifold drain valves.

J Zone I and Zone II flow sections are identical as described thus far.
A groove on the Zone I shutoff valve is vented to Pf4d and is aligned
with the cooling flow port when the valve is in shutoff, permitting a
flow through the pump and control when duct heating is not in use. The
multiplying cam is specially contoured to provide 3000 pph for cooling
flow at shutdown. While operating with flow levels less than 3000 pph,
a separate valve opens to vent unmetered flow through the shutoff valve
groove to the cooling flow outlet through a imtetering bleed. This adds
2200 pph to the pump flow.

I A zone manifold fill detector and manifold quick-fill valve is
incorporated for each zone. The detectors consist of ar area matched
bellows and piston, spring-loaded to operate at a preset rise in mani-
fold pressure above duct pressure. This piston is referenced to mani-
fold pressure and the bellows to duct pressure. When the Zone I shut-
off valve opens, pressure Pf4d is essentially Zone I manifold pressureJ and is low when the manifold is empty. The double acting servoflapper
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in the Zone I detector will close the ignition piston vent and open the
manifold fill servo orifice, which results in opening of the Zone I
quick-fill valve. When the manifold is filled, the pressure rise on
the piston strokes the flapper to close the fill servo orifice and
consequently the quick-fill valve, and to also vent the ignition piston
port to start the ignition hold previously described,

The Zone II detector piston is always referenced to PfsZlI, and
consequently the fill servo orifice is open for all conditions except
Zone II operation. Thus, during nonaugmented and Zone I operation, the
Zone II quick-fill shuttle is stroked to its left relative to the
schematic drawing. In the left position, the main flow channel is

closed and the fill port is open. When the Zone II shutoff valve opens,
flow to the manifold is supplied through the quick fill opening. When i
the manifold fills, increase in manifold pressure acting on the detector
piston closes the servo port to stroke the fill valve to the right. This
action shuts off the manifold fill and opens the Zone II outlet to the
metered flow channel. Division of metered flow is subsequently deter-
mined by spray nozzle characteristics. A small slide servo is also
operated by the manifold fill valve actuation pressure to transmit a
pressure to the fluid latch releasing the hold on the scheduling piston.

4. Turbopump Control System

This system operates to regulate the pressure drop across the duct

fuel metering section (Pf2d - Pf4d) to a value slightly higher than
minimum requirements for control metering functions. In this manner,
the operating range of the control throttling valves is decreased,
which improves metering head regulation while extracting a minimum
bleed air from the compressor to operate the turbine. This system.
is shown schematically in the lower right hand portion of the overall I
schematic.

The control is basically proportional, with the differential head
opposed by a spring. The piston and spring are sized sufficiently 1
large to provide actuation torque at the output shaft to the air valve.
Stem area is sized to provide an unbalanced force with pressure level
which, in turn, is a function of metered fuel flow. Thus, as the flow I
increases, the controlled pressure drop also tends to increase. This

effect crudely attempts to offset the proportional droop which normally
takes place with air valve opening.

E. AUXILIARY CONTROL FUNCTIONS

Auxiliary functions are those performed by the control but are not
directly involved with metering or scheduling of fuel or control of the
duct nozzle throat area. I
1. Compressor Bleed Valve Control

The compressor bleed valve control consists of a servo actuated I
double butterfly valve to supply pneumatic actuators for the compressor
bleeds with compressor discharge pressure as the air supply. The com-
pressor bleeds are opened and closed at scheduled vall!.s of a speed and
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temperature function. The bleed valve schedule is a contour on the speed
temperature cluster cam. The servo piston operates full stroke when the
cam moves the slide servo across the null value. A hysteresis piston
assures positive operation by resetting the pivot on the follower arm

j as the slide valve crosses the null point.

1 2. Thermostatic Bypass to Tank

The thermostatic bypass valve is designed to route main engine con-
trol bypass fuel to the airframe tanks when the fuel temperature enter-
ing the control exceeds 300 0 F, and metered main fuel flow is less than
5000 pph. The entering sample consists of the servo regulated supply
to the control servos. A spring opposed bimetallic stack positions
a servo which in turn operates the bypass valve. This valve normally
closes to open the bypass valve at 300°F to 310 0 F. If the metering
valve is opened to 6000 pph or more, a port is uncovered which actuates

a piston compressing the spring against the bimetallic stack. This
, delays opening of the bypass until the temperature is in the 335°F to

345 0 P region. An externally accessible adjustment will be provided so
that the thermal bypass valve settings can be set 50°F lower.

1 3. Inlet Guide Vane Control

The inlet guide vane control positions the compressor stators to
two positions by supplying pressure to the engine mounted actuator.
Position shift occurs as a function of N2 and T,1. This schedule is
on a cam shown in the center of figure 1. At týe scheduled point,
the cam strokes a flapper servo to provide boost power to the controlling
slide servo. Hydraulic supply is main pump discharge, Pf2' and drain isto control body Pfcb" Stroking the slide valve reverses the pressures

I in the load lines.

4. Reverser-Suppressor Control

I The reverser-suppressor control consists of a servo powered slide
valve which vents load line (A) to airframe boost pressure, Pfo, in the
forward selected position and supplies hydraulic pressure, Pfh, to select
reverse. This is shown schematically in the lower left hand corner of
figure 1. The slide servo boost piston integrates stop to stop at the
command of a cam driven slide valve. The cam rotates with power lever
angle, cam rise requesting forward thrust. Thus positive drive is pro-
vided to the command servo in the forward selection. This servo has
a piston integral with one end. A speed actuated valve is bumped open
by the speed feedback lever and supplies pressure to this piston at
speeds greater than 90% of rated. This pressure acting on the piston
overrides the cam follower spring and prevents the command servo from

moving to the reverse position until the rotor speed falls below 90%.

5. Secondary Air Control Signal

I• The cutoff shaft operates a valve to provide a secondary air control
signal when the cutoff lever is fully advanced. A cam operated valve
is shown which provides Pfl normally and Pf2 at full cutoff lever advance.
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. DFUEL AND LUBRICATION SYSTEM

SA. DESCRIPTION

i. General

I The JTF17 engine fuel and lubrication systems will utilize the
same type of hardware that has proven successful in service operationI on current Pratt & Whitney Aircraft commercial and military engines.
This experience includes the J58 engine, which has accumulated con-
siderable sustained flight time above Mach 3. The development
experience, personnel, and facilities used to develop the fuel and oil

systems for the J58 will be used in designing and developing the fuel
-and oil systems for the JTF17 engine. The extensive background and
experience accumulated through millions of hours of commercial jet
engine operation and thousands of hours of supersonic military jet
engine operation at extreme environmental conditions will be directly
applied to the JTF17 engine design.

The complete fuel and lubrication system for the JTF17 engine is
composed of the following five subsystems: -i

1. Gas generator burner fuel supply system
2. Duct heater fuel supply system
3. Hydraulic system
4. Lubricant supply and scavenging systemii 5. Breather system. ,

The integrated fuel and lubrication system components and inter-
connecting lines are shown in figures 1, 2, 3, and 4. For clarity,
the single-piece unitized control is shown 3s a separatc component in
each subsystem flow path. Detailed descriptions for the fuel system
and hydraulic system components are included in Volume III, Section III.
Description of the interconnecting lines is included in Volume III,
Section II, paragraph I.
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Figure 1. JTF17 Gas Generator Subsystem FD 16901
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System Schematic BIV

2. Gas Generator Fuel Supply System

Fuel supplied to the engine separates into two basic paths; one for

the gas generator and one for the duct heater system. Fuel in the gas

generator system first passes through the impeller or boost stage of the
fuel pump where the pressure is increased to approximately 150 psia.

This point in the flow path is called the pump interstage. It is used as
a supply and return point for the hydraulic system, a supply for ignition

system cooling, and a return point for recirculation flow from the main
fuel control. Fuel is then pumped through the gear stage where the
pressure is raised to a level necessary to overcome the pressure drop of

downstream components from the oil cooler to the burner nozzles. Both
impeller and gear stages of the pump are gear-driven. Fuel next passes

I through the gas generator fuel-oil cooler and is then routed through the

main fuel control. The control incorporates a thermal bypass valve that

either returns unscheduled flow to pump interstage if below a maximum
temperature limit or to the aircraft fuel tanlE. Fuel is returned to the

aircraft tanks only during descent with this system. The fuel passes
from the fuel control, through a flowmeter and then through a check and
dump valve, which is used to drain residual fuel from the manifolds when

the combustors are shut off to prevent accumulation of fuel varnish
deposits. The f-el then is routed to the gas generator fuel manifold
and then to the nozzles.

3. Duct Heater Fuel System

The duct heater fuel pump has two impeller stages and is driven

by an air turbine. Turbine power is supplied from the gas generator

diffuser high pressure air bleed source. The fuel pressure is increased

by the pump to a level necessary to feed all downstream components to
the duct heater nozzles. Fuel passes from the pump discharge through a
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flowmeter and then through the duct heater fuel-oil cooler, which is
located upstream from the control to utilize full pump flow. The fuel I
passes from the cooler through the duct heater fuel control, where it
is separated as scheduled by the control into two parallel flow paths
for Zone I or Zone II duct heater fuel nozzles. Prior to entering the
heater nozzles, the fuel in each Aone passes through a check and dump
valve. These valves have the same protective function as described for
the gas generator system.

To eliminate the heat returned to the aircraft fuel tanks except
during descent, the engine system is designed to operate with the
maximum permissible fuel temperature into both gas generator and duct
burner systems. To accomplish this, and maintain an optimum heat balance
between the two systems, some fuel is transferred from the hydraulic
system to the duct turbopump inlet through a line known as the heat
distribution line. In addition, to provide a cooling flow through the 'A
duct heater pump during nonaugmented operation, a duct system cooling
flow line is incorporated that bleeds fuel from the duct heater fuel
control back to the gas generator fuel system.

4. Hydraulic System

The primary function of the hydraulic system is to supply high
pressure fuel to the reverser-suppressor and nozzle actuators. As shown
in figure 3, fuel is supplied to this system from the gas generator fuel
pump interstage. The fuel pressure is increased by 1500 psi as the fuel
passes through a gear-driven, constant pressure rise, variable displacement
hydraulic pump. The high pressure fuel is routed to the reverser-suppressor i
control, duct nozzle control, and theli respective actuators. These
actuators are described in detail in Volume III, Report B, Section II,
paragraph F. A constant cooling flow of 15 gallons per minute is provided
to components and flow lines at temperatures well below that which would
cause fuel varnish deposits. Flow is increased to 55 gallons per minute
maximum during periods of component actuation.

5. Lubrication System and Scavenge System

The oil tank is engine mounted. Oil from the tank is gravity fed
to the main oil pump located inside the main accessory gearbox. The oil I
pump is a gear-driven, positive-displacement gear pump, which increases
the pressure by approximately 100 psi. This high pressure oil then flows
from pump discharge through the main filter system. This system consists
of a primary filter, standby filter, and a bypass valve for each. Under
normal operating conditions, full pump flow passes through the primary M
filter. If the primary filter pressure drop exceeds 35 psi due to a '
clogged filter element, the primary bypass valve opens and routes oil
through the standby filter. If the standby filter becomes clogged, the
standby bypass valve opens and shunts total oil flow past the filter
system. Provisions are made in the primary filter to activate a cockpit
warning light if piessure drop is excessive. A differential filter
pressure indicator, with a pop-out button, is also provided in the filter
assembly for ease in ground maintenance checks.
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Pressure rise across the oil pump is maintained at a constant level

by a pressure regulator located downstream of the main filter system.f ,The pressure regulator meters oil to the system at a pressure and flow
rate that is constant regardless of changes in engine speed. Total punm
flow passes through the main filter system and that portion of total flow
by-passed for pressure regulation is returned to the pump inlet through
the pump bypass flow line. Regulated oil then passes through two oil
coolers connected in series. These are shell and tube type heat exchangers
using fuel as the oil coolant. The first cooler in the series circuit

7 uses duct heater fuel as the coolant and the second uses gas generator
Sfuel as the coolant. Both coolers have bypass vales to shunt the oil

around the cooler if the pressure drop exceeds 28 psi. The duct heater
cooler also has a thermostatically operated oil bypass valve.

1An oil temperature and pressure transmitter, located downstream of
the coolers, transmits the regulated pressure and temperature to thei• ]cockpit.

The oil is distributed downstream of the coolers through tubing to

oil metering jets in the bearing compartments and gearboxes for cooling
and lubrication of bearings and gears. Additional protection against
bearing wear and damage is provided by passing oil through filtering

screens upstream from the oil jets.

Oil that has been supplied to the bearings and gears drains into
sumps where it is picked up by scavenge pumps and delivered back to the
oil tank. Five pumps are used in the scavenge system. Three of these
are located in the accessory gearbox and handle return flow from the No. 1
and 2 bearing compartment sump, the No. 3 compartment, and the gearbox.
The other two are located in the main gearbox and the No. 4 bearing com-
partment. The inlet of each pump is covered with a large area coarse
strainer to prevent metal particles and other foreign objects from
damaging the pumps. These pumps are gear-driven and use gears for positive
oil displacement. All of the scavenge pumps return oil to the oil tank
through a de-aerator. Scavenge oil is directed tangentially against the
inner wall of the de-aerator. The oil anc foam form a vortex inside the
de-aerator, centrifuging heavier oil to the wall, where it spirals down-
ward and exits through holes in the lower periphery of the de-aerator.
The air is forced to the center of the vortex and exits through a pipe
in the center. The de-aerated oil settles to the bottom of the tankj and the cycle is repeated.

6. Breather System

I The breather system vents the air that flows past bearing compartment
seals to the atmosphere. The primary functions of the system are to main-
tain the lubrication system pressure at a level that ensures a positive
pressure differential across bearing compartment seals; to prevent oil
loss, and to provide adequate inlet pressure for the oil pumps to prevent
cavitation. Breather pressure is maintained at an equal level between
compartments, oil tank, and gearboxes by interconnecting plumbing. The
remainder of the breather system consists of a de-oiler and a breather
pressurizing valve. -The de-oiler is used to separate entrained oil from
the air entering the breather pressurizing valve to minimize engine oil
consumption.
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B. DESIGN OBJECTIVES AND REQUIREMENTS

1. Introduction
The fuel and oil system for the JTF17 engine is designed to

provide adequate cooling and lubrication for the engine gears, bearings,
seals and bearing compartments and to maintain fuel and oil temperatures
below the level at which coking might occur in the oil systems, and
varnish deposits may be left in the fuel system. In addition, it is
required that high component reliability be achieved through the use
of fluid bypass valves, redundant oil filtration and breather system
air filtration. Maintainability goals required that filters and chip g
detectors be located external to the engine and that maxim,= oil fire
and cabin bleed air contaminant safety protection be provided.

2. Specific Objectives and Requirements
The specific design objectives and requirements are:

1. Breather pressurizing air supplied to the bearing compart-
ments will be maintairid at a temperature no higher than
that of present subsonic engines.

2. The fuel temperature at the gas generator and duct heater
fuel nozzle will be maintained below 300°F for type Jet A I
fuel, and 350°F for PWA 533 fuel, to avoid varnish deposits
in the fuel systems resulting from fuel decomposition.

3. The oil temperature in all compartments and gearboxes will
be maintained below 400 0F to avoid coking.

4. The oil system shall adequately cool and lubricate the
engine gears and bearings and cool the bearing compartments
and gearboxes to levels required to obtain th( design TBO
and a minimum oil change frequency of 300 hours.

5. The oil system shall be supplied as part of the engine
and all components will be designed with adequate margin
to assure that oil temperatures are maintained below the
level at which coking might occur.

6. Maximum protection will be provided to avoid foreign object I
accumulation in the compartment seal pressurization supply

air system, and oil vapor contamination of the cabin air
bleed system.

7. Easy access will be provided for service checking of pumps,
filters, and chip detectors.

8. The rate of heat generation from all sources within the fuel
and lubricant system will be kept to a minimum. 1

9. The temperature level and flow rate of air supplied to the
bearing compartments will be kept to a minimum.

10. Maximum oil consumption is limited to 0.25 gallon per hour.
11. Maximum allowable engine fuel inlet temperature, as shown

in figure 5 for type Jet A fuel, and in figure 6 for PWA 533
fuel.

12. A constant oil pressure of 45 psi across oil jets.
13. An oil'flow commensurate with a maximum 75 F oil temperature

rise across bearing compartments.
14. A minimum breather pressure of 4 psia.
15. A minimum scavenge pump capacity at idle rpm of three times

the flow being delivered to protect against possible flooding
of bearing compartments and gearboxes.

BIV-6 r



1 Prat & Whitney Aircraft
FRAI FP 66-100

Volume III
340

No Fuel Return to the Airframe

bEI_/_I . __I__t,.• •

a IO

t300 IO 2 0 4

F -u Ground Operation r Maximum fo-F_ 16
-4 260

I35 "3

bsic(M O.8) Cruise

I ~~180 I
E_ -Supersonic (M 2.7) Cruise

E- . N (Fuel Temperature at rmule
140) Equal to JT3WD at CruisI Ia.

I lo• I ._ --- __ ---_ - -----

1 0. ron _ _f .... -_

0 10 20 30 40

TOTAL ENGINE FUEL FLOW - pph (Thousand)

Figure 5. Fuel Inlet Temperature Limits for FD 17635
PWA 522 (Jet A, A-) BIV

Opertion No Fuel Return to the Airframe

I!

Fiur 6.pFelationle eprtr iisfrF 69

250-

W 53

SI-.12Iboi (.)Cus



Praft &Whtuiey Alrcraft I
PWA FP 66-100
Volume fiII

C. DESIGN APPROACH 1<13
1. System Design

a. General I
The primary requirement in designing the lubricating system is

to provide adequate engine lubrication wvth oil temperatures substantially
below the coking level. The three prime desing goals for the fuel systems
are to: (1) permit satisfactory engine operation for the design TBO
periods with current commercial aviation Jet A and Jet A-1 fuels, (2) to I
maintain fuel temperatures below the varnish deposition level, and
(3) prevent heat return to aircraft fuel tanks during takeoff, climb,acceleration, and cruise.

The amount of heat returned to the aircraft fuel tanks is a function
of the engine heat rejection, fuel inlet temperature, maximum allowable
fuel temperature, and the flow rate of fuel to the combustors. Because
dissipation of heat generated by the aircraft-engine sy3tem is one of
the major engineering problems that must be solved in a supersonic
aircraft of this type, every effort has been made to minimize the heat J
rejected to the engine. Heat rejection design studies performed during
Phases II-B and II-C have shown that bearing compartment sen! rubbing
friction is a major contributor to engine total heat-generation. Seal
heat generation has been virtually eliminated in the JTFI7 engine by
incorporating nonrubbing hydrostatic seals. The seals are discussed in
detail in Volume Iii, Report B, Section II, paragraph G. Another major
source of heat generation is the heat transferred to the oil from the
ambient air surrounding the oil tank and bearing compartments. The
JTF17 engine uses a "hot tank" oil system, which means that the oil tank
is upstream of the oil coolers. This tank system has proved satisfactory
on several commercial engines and results in minimum temperature I
differences between environmental air and oil, and therefore minimum
heat transfer at high Mach numbers. At subsonic conditions the use of 3
a hot tank system further results in a heat transfer benefit, because
heat is transferred from the tank to the cooler environmental air.

Minimum heat transfer to the oil in bearing compartments is achieved I
by: (1) using relatively cool fan discharge air to pressurize bearing
compartment seals; (2) designing for a controlled low flow rate of this
air into the compartments; and (3) bathing the outside of the compartments
with the same low temperature air. The latter provides an environment
around the JTF17 engine bearing compartments that is no hotter than the
environment in present subsonic commercial aircraft engines. j

Full fuel pump flow, except for the amount being bypassed at high
fuel flow conditions to avoid excessive pressure drop, is passed through
the oil coolers in each fuel system to accomplish maximum transfir of I
heat from oil tc fuel for all conditions. This is accomplished ix, both
the gas generator and duct heater fuel systems by locating the coolers
upstream of the respective fuel controls.
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Two oil coolers are incorporated in this system to permit utilization

of all of the heat absorbing capacity of the fuel in both the gas generator
and duct heater systems. The system supplies hot oil from the tank directlyI into the duct heater oil cooler. Since thrust requirements for both
airframe contractors necessaL.-e duct heating for supersonic climb and
cruise, the major portion of the high mach number oil cooling task can be
accomplished with duct heater fuel. Thus, during cruise, the gas generator
fuel system is not required to carry a high cooling load, and therefore,
the fuel is delivered to the gas generator fuel nozzles at a lowfr
temperature.

The duct heater oil cooler utilizes a fuel temperature sensing
oil bypass valve to shunt oil around the cooler when fuel discharge
temperature reaches a preset value. Diverting oil around the cooler
normally occurs only at a low duct heater flow rate, or when the duct
heater is not operating.

Maintaining gas generator fuel temperiture below maxi temperature
limits and at the same time preventing heat return to thelaircraft without
requiring any aircraft crew action is accomplished by incbrporating an
automatically regulated fuel bypass valve on the main fuel control.
This valve senses cooler discharge fuel temperature, and the temperature
regulation is a scheduled function of flow through the valve. At cruise

I conditions, when fuel temperature is below the sensor setting, the
valve bypasses fuel back to the pump interstage. The basic reason for
this biased setting is to ensure that fuel is burned as close as possible
to the maximum allowable fuel temperature, which ensures against returning
heat to aircraft except during descent.

During some descent conditions when total fuel flow is low but fuel
and oil temperatures are high, the sensor setting limit will be reached
and the bypass valve will return some heat to the aircraft 'fuel tanks.
Because the duct heater is not operating during descent, the duct heater
oil cooler bypass valve temperature setting is reached, and most of the
heat load is transferred to the gas generator cooler. The combination
of two coolers, each with attendant temperature control valves, results
in burning fuel in both the gas generator and duct heaterlat maximumJ allowable temperature at all conditions thus minimizes heat return to
aircraft fuel tanks.

At the present time, the JTF17 does not incorporate an air-to-fuel
heater for fue! de-icing purposes because initial coordination with the
air frame manufacturers indicated that fuel temperatures at the engine
inlet would be above potenttal fuel icing conditions during all critical
flight conditions. A fuel de-icing system can be provided on the engine
if the need is established during detailed systems coordination with the
airframe manufacturers.

2. Components

a. Fuel and Hydraulic System Components

All gas generator, duct heater, and hydraulic system components are
described in Volume III, Report B, Section III.
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b. Fuel Nozzles

Description and operation of the fuel nozzles are included in-IL

Volume III, Report B, Section II, paragraphs B and D.

C. Lines and Fittings

Descriptions of lines =nd fittings is included in Volume III, Report B,
Section II, paragraph I.

d. Lubrication System Components

(1) Oil Tank

The oil tank is a welded sheet steel container that is shaped I
to fit the engine contour at the fan discharge case. Figure 7 shows
the basic tank configuration which is the same basic design as used
on JT3, JT4, JT8, and J58 engines. The total tank capacity of 6.22
gallons is based on a maximum allowable oil consumption rate of 0.25
gallon per hour. Of the total capacity, 4.2 gallons are usable, 1.5 i
gallons are allowed for expansion space, and 0.52 gallon is unusable.
Assuming that oil is consumed at the maximum rate, the supply is
sufficient for approximately 17 hours of operation without oil addition.

Remote Oil Level Dip Stick
Sensor Pad Breather Fitti and Fill

7

|+ ~~Oi ini/i "

.- De"hrator

Mounting Fill Drain

Drai MageticChipDetector

Figure 7. Main Oil Tank FD 16545
BIV

The tank is fabricated by welding and brazing two halves of close
tolerance sheet metal shells to form a lightweight, leak-proof structural
vessel. All connections to the tank body are flanged forgings, butt-
-welded to ensure pressure-tight integrity, and to distribute the
zonnections loads into the body. Integral roes tie the two halves of
the tank together. These rods protect the vessel from distortion
due to transient differential pressure gradient- that could result
from rapid changes in aircraft environment. All tubing is supported
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by these rods to damp vibrations of the tank's internal piping. All
corners and contours of the vessel have large radii to reduce stress t

•• ~concentrations and to avoid local thinning during fabrication. The tank

contours and parting line between halves are carefully selected to permit
the sheet metal to be formed as simply and inexpensively as possible.

The tank is mounted on the compressor fan duct on the forward sideI and to the accessory gearbox on the aft side by four sets of brackets
and two metal straps. Flexible strips serve as bumper pads in the
locations of the brackets and provide protection from chafing by the
steelstraps. This method of mounting isolates the oii tank from thermal
growth and maneuver deflections of the engine case. The straps, which
are attached to the brackets and pulled tightly over the flexible strips
around the outside of the tank, hold the tank securely against the brackets.
This type of support is being used successfully in many Pratt & Whitney
Aircraft engines, including the J58 engine. I

A valve is located in the bottom of the oil tank to facilitate both
draining and flushing. This can be done without removing the tank or
the normal oil outlet line to the oil pressure pump. The drain also
permits the removal of any sediment and moisture that might accumulate
at the bottom of the tank.

J (2) Main Oil Pump

The main oil pressure pump is a gear-type, positive-displacement pump
and is located inside the secondary accessory gearbox. Figure 8 shows
the pump details. This location results in minimum heat transfer from
ambient air to the pump.

Figure 9, which is a calculated pump performance map, shows oil system
and pump bypass flow rates at idle and rated pump speeds.

The construction of the pump is the same as that used in JT3 and JT4
engines except for the use of silver-lead-indium plated journal inserts
to provide additional life. The gear tip clearances are closely controlled
for maximum pump efficiency.I HOURinr ump Gears

fPump Element ADrive Shaft

CaOl Out _____ InV

Figure 8. Oil Pump FD 16571
BIV
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Figure 9. JTF17 Main Oil Pump Performance Map FD 17637
BI BIV

(3) Oil Filters

The main oil filter incorporates two 40-micron, metal mesh-type
filter elements. Two filters are provided for redundancy. In event
that the primary filter becomes contaminated, flow is diverted to the
standby filter. The filtration capacity of the standby filte. is a mini-
mum of 200 hours under normal operation. A warning light will be provided
in the aircraft cockpit to indicate when the main filter has been bypassed.
Additional contafinant protection for the bearings is provided by passing
the oil through "last chance" filters prior to reaching the bearing
compartment metering jets. These filters arelocated externally for ease
of maintenance. The mesh size in these filters is slightly smaller than
the downstream metering jets.

(4) Oil Coolersl W

The oil coolers are shell and tube-type heat exchangers. Figure 10
shows the cooler details. The fuel makes one pass through tubes that I
are crimped to provide maximum turbulence for improved heat transfer
characteristics at minimum pressure drop. The oil flows in a counter
direction over the tubes. within the shell. The basic cooler concept
and material selections have been proved in current commercial engines I
that have accumulated many hours of subsonic experience, and in the J58
engine design, which has accumulated many hours of operation at Mach 3.
The particular geometry used in the JTF17 engine design is the result of
an oil cooler optimization study resulting in maximum heat transfer
capability at minimum weight.

B 1
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Oil In

•.-il out

Figure 10. JTF17 Oil Cooler FD 16886
BIV

j (5) Metering Jets

All oil flow is delivered to the bearings, seals, and gears through

metering jets located at the point of desired cooling or lubrication.
The JTFI7 engine uses venturi-type metering jets that provide controlled
cone angles for direct impingement on gears and bearing scoops. The

combination of the constant displacement oil pump, regulating valve, and

proper jet sizing will ensure a constant oil pressure and adequate flow
at all operating conditions.

(6) Scavenge Pumps

The scavenge pumps are similar in construction to the main oil pump.
Each pump is sized to deliver approximately three times the flow suppliei
to it while the engine is at idle speed. This basic design configuration
and flow ratio has been used on all Pratt & Whitney Aircraft jet engines.

Unlike the main oil pump, which has to pump against the pressure drop of
the coolers, plumbing and oil metering jets, these pumps only have to
deliver flow to the oil tank at a pressure head equal to that of the

plumbing downstream of the pump.

(7) De-Oiler

The breather 9ystem de-oiler is located in the main accessory gearbox
just upstream of the breather pressurizing valve and is used to prevent

oil loss through the breather flow system. The de-oiler geometry incorpor-
ated in the JTFI7 engine is the result of an optimization stuey to provide

a design with maximum de-oiling capability at a minimum pressure drop.
The design is the same basic configuration as is used in many other
Pratt & WhitneyAircraft jet engines.

BIV-13
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(8) Breather Pressurizing Valve

The breather pressurizing valve is provided to keep the pressure
in tLe oil system at a minimum of 4.0 psia to ensure satisfactory oil
pump performance at extreme altitudes and, is sized for the flow that
would be experienced if one of the bearing compartment seals failed.
The basic concept represents simplicity of design with a minimum of
moving parts. The bellows fabrication technique, and material have
been proved durable in the J58 engine and commercial engines. A
schematic diagram of the valve is shown in figure 11.

000000o
"Relief
Valve

Breather Air Gearbox
Overboard 4-Il / Housing

4%00000 0

Bellows Valve Breather Air
from Deoiler

Figure 11. Schematic Diagram of JTF17 Breather FD 16992
Pressurizing Valve B!V

1). FUELS

I. General j
The JTF17 engine is designed to operate on commercially available

Type A aviation kerosene. This fuel is widely used in current subsonic
commercial engines, and is available throughout the world.

Type A kerosene can be used in the JTFI7 engine, in spite of its
higher operating temperature, because the engine is designed to keep
fuel temperatures into the burners at essentially the same level as the

current subsonic JT3D engine. As a result, the same degree of success
in preventing varnish deposits in the fuel manifolds and nozzles will
be obtained in this engine as with current P&WA commercial engines, which
have achieved 8000 hr TBO. The fuel temperature into the burner system
is maintained at current commneicial engine levels, in spite of the
significantly higher fuel inlt~c temperature of the SST, because features
are incorporated to keep the fuel temperature rise from the engine inlet
to the burner system to a minimum. These features, which are described
above, involve reduced heat rejection from the oil to the fuel, and
reduced heat tr-nsfei frcan ambient air into the fuel in the lines and
manifolds. To keep internal engine fuel temperature below the design
limits, fuel temperature into the engine must be kept within the limits
specified in figure 5. BI'J -I
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Volume IIIII If aircraft thermal management problems make it desirable, or necessary,
to operate the engine with higher fuel inlet temperature, fuel conforming
to the requirements of PWA 533 specification shown on table 2, may be
used. This fuel is the same as commercial Jet A aviation kerosene in all
significant respects except that the thermal stability requirements are
increased 50 0 F from 3000 /400OF to 350 0 /450 0 F as measured in an ASTM-CRC

j coker. This increase in thermal stability permits a 50 0 F increase in fuel
temperature into the engine without reduction in service life. Fuel
temperature limits into the engine that may be used with NWA 533 fuel
are shown in figure 6. This fuel is expected to be available to the same
extent, and at the same price, as commercial aviation kerosene by the time
the SST becomes operational. Ninety percent of all domestic fuels now
delivered for current subsonic jet aircraft meet the requirements of this
specification, as shown in figure 12.

Background data are available that indicates that de-oxygenation of
I type Jet A fuel, which can be accomplished in the aircraft in flight

through the use of special tank management procedures to control pressure,
temperature, and agitation, will result in a significant increase in thermal
stability. If it can be demonstrated that such de-oxygenation can beI accomplished, and that this procedure results in fuel conforming to speci-
fication FWA 533 being delivered to the engine when the aircraft is fueled
with aviation Jet A kerosene, it will be permissible to use the higher
engine inlet temperatures now specified for PWA 533 fuel with Jet A fuel.

20 90% of all commercially available
S" l domestic fuels meet the PWA-533

thermal stability requirement.

Zf ~* 10

275/375 300/400 325/425 350/450 375/475 400/500 425/525

IPREHEATER/FILTER TEMP CONDITIONS - 'F

Figure 12. Results of Pratt & Whitney Aircraft FD 16993
1964 Fuel Thermal Stability Survey BIV

2. Fuel Specifications

PJA Specification PWA 522 (ASTN1 D1655) for commercial aviation ker-
osene are shown on table 1.

P&WA Specification PWA 533 for aviation kerosene with improved ther-
mal stability requirements is shown on table 2.

BIV-15I



Pratt & Wh ftey :llrcraft
?PW FP 66-100

Volume III

Table 1. Aircraft Turbine Engine Fuel (PWA 522) Specification

Pratt & UWPWA s2z-E

'WhitneySPCFCIOA,,ircraft A s; SPECIFICATION ISSUMn 4/10/74

FUEL. COMMERCIAL AIRCRAFT TURBINE ENGINE

1. ACKNOWLEDGMENT: Vendor shall mention this specification number and its revision letter in all
quotations and v'hen acknowledging purchase orders.

2. PURPOSE: To establish requirements for JP4 and kerosene type fuels for use in Pratt & Whitney
Aircraft commercial turbine engines. i

3. TECHNICAL REQUIREMENTS: Tests shall be performed, insofar as practicable. in accordance
with the latest issue of the listed ASTM test methods,

3. 1 Properties:

Gravity, deg API S7 57 ASTM D287

Distillation Temperature. F ASTM D86
10% Evaporated max 400
90% Evaporated max 500
End Point max 57Z
Loss, % max 1. 5
Residue. % max 1.5

Sulfur, % max 0. 30 ASTM D1266

Mercaptan Sulfur. % by weight max 0.005 ASTM D1323 or 01219
(Se Note 1)

Potential Gum, mg per 100 ml (16 hr) max 14. 0 ASTM D873

Net Heat of Combustion. Btu per lb 18.400 min ASTM DZ40

Freezing Point. F See Note 2 ASTM D2386

Reid Vapor Pressure, lb max 3 ASTM D323

Aromatic Content, % by volume max 20 ASrM D1319

Burning Quality
Luminometer Number 45 min ASTM D1740 (See Note 3)

Copper Strip Corrosion Slight discoloration pertn ted ASTM D 130

Viscosity, Cs at -30 F mart 15 ASTM D445

Water Tolerance, ml Max Z ASTM D01094 3
High Temperature 3tability

Pressure Change, in. Hg max 12 ASTM D1660 (See Note 4)
Preheater deposit max Code 2

Note I. Mercaptan sulfur determination may be omitted provided Doctor Test in accordance with
ASTM D484 is conducted and results are negative.

E-4519
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Table 1. Aircraft Turbine Engine Fuel (FNA 522) Specification (Continued)

I E-4520 -2- PWA 522-t

I Note 2. The requirements for this property shall be determined by the user and shall appear on
all purchase orders for this fuel. The freezing point shall be at least 4 F below the

minimum engine fuel Inlet temperature.

Note 3. Fuels will be acceptable provided they meet one of the following alternative requirements

or combination of requirements:

a. Smoke point of not less than 25 mm when determined in accordance withJ ASTM Method 2)13Z2.

b. Smoke point of not less than 20 mm when determined in accordance with
ASTM Method DI 322 provided fuel does not contain more than 3. 0%
by volume of naphthalene as determined by ultra violet spectrometry

in accordance with Federal Test Method Standard 711, Method 3704T.

c. Smoke Volatility Index of not less than 54. The smoke volatility index
is determined from the following equation:J SVI smoke point (DI3ZZ) + 0. 42 x volume % boiling under 400 F (D86)

Note 4. The high temperature stability property shall be measured in an ASTM-CFR FUEL COKER
after 5 hr of operation at conditions of 300 F preheater temperatures, 400 F filterj temperature, and 6 lb per hr fuel flow rate.

3. 2 Additives:

3. Z. I One or a combination of the following inhibitors may be added to the basic fuel in total concentration
not greater than L. 0 lb of inhibitor, not including weight of solvent, per 5000 gal of fuel, to
prevent the formation of gum:

N, N' -di-secondary-butyl-para-phenylenediamine
2, 4-dimethyl-6-tertiary-butyt phenol
2. 6-ditertiary-butyl-4-methyl phenol
2, 6-ditertiary-butyl phenol

75% 2, 6-ditertiary-butyl phenol
10-15% 2, 4, 6-tritertiary-butyl phenol
10-15% ortho-tertiary butyl phenol

3. 2. 2 The use of Pratt & Whitney Aircraft approved additives such as corrosion inhibitors, metal
deactivators, anti-icing inhibitors, and additives to extend the high temperature stability
is permitted.

4. QUALITY:

4. Fuel shall consist solely of hydrocarbon compounds except as otherwise specified herein. Iý
shall be free from water, sediment, and suspended matter, and shall be suitable for use in

aircraft turbine engines.

4. 2 The odor of the fuel shall not be nauseating or irritating. No substances of known dangerous
toxicity under usual conditions of handling and use shall be present.

5. CONTIROL: Control of quality and control of shipments shall be in accordance wvith the latest

issue of PWA Soecification 300.

6. REJECTIONS: Fuel not conforming to th-s specification or to authorized modifications will be

subject to rejection.

NOTE: Sections I and 5 apply only to Pratt & Whitney Aircraft operation.

I E-4520
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Table 2. Aircraft Turbine Engine Fuel (NA 533) Specification

Prat &U PWRPWA 533

PWattne -o tow" %A SPECIFICATION 8D 1104

Aifrcraft
Fuel. Aircraft Turbine Engine

1.ACXNOWLEDC.MZNT: Vendor shall mention this specification number in aUl quotations and when acknowledgin

2. PURPOSE: To establish requirements for fuel for use in high Mach number Pratt & Whitney Aircraft
commercial turbine enginws.

3. TECHNICAL REqulRzwzNTs: rests shall be performed, insofar as practical, in accordanc, with the
latest issue of the listed ASTM test methods.

3. 1 Properties:

Gravity. dog API 37 ST5 ASTU DZ87

Distillation Temperature, F

10% Evaporated max 400 ASTU DS6

50% Evaporated max 450

Final Boiling Point max 550

Loss. %max 1. 5

Residue, % max 1. 5

Freesing Point. F See Note I ASTM D1477

Viscosity, Cs at -30 Fr max 15 ASTU D445

Not Heat of Combustion. Btu per lb 18, 400 win ASTM fl24t,

Copper Strip Corrosion at ZlZ F Slight discoloration ASTM 0130
permitted

Sulfur. % max 0. 3 ASTM 01Z66

)Aercaptan -sulfur, % by wt max 0. 003 ASTM D1 323 or D1219
ISee Note 2)

Water Tolerance, ml max I ASTU 01094

Existent Gum, mg per 100 ml max 7 ASTM D381

Burning quality (Luminometer Number) 45 wain ASTY. D1740 I
(See Note 3)

Aromatic. % vol max 2fl ASTM D1 319

High Temperature Stability ASTM D1660
(See Note 4)

Pressure Change, in. Hg m~ax IZ

Preheater Deposit max Code 2

E-4077
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Table 2. Aircraft Turbine Engine Fuel (PWA 533) Specification (Continued)

j -4078 -a-WA 533

Note 1. Freesing point shall be not less than 10 7 below the minimum aneLte
fuel inlet temperature. Actual freezing point requirement will be

3 determined by user and will appear on all purchase orders for this fuel.

Note 7- Mercaptan sulfur determination may be omitted provided doctor test in
accordance with ASTM D484 is conducted and results are negative.

Note 3. Fuels will be acceptable provided they meet one of the following alter-

native requirements or combination of requirements:

a. Smoke point of not less than 25 mm when determined in accordance
with ASTM D1322.

h . Smoke point of not less than 20 mm when determined in sccordance

with ASTM DI32 provided fuel does not contain more than 3. 0% by
vol of naphthalene as determine by ultrs violet spectrometry in

accordance with Federal Test Method Standard 791, Method 3704T.

c. Smoke point of not less than Z0 mm when determined in accordance
with ASTM D132Z providing the following requirements of the 16 hr
burning test as defined in ASTM D187 are also met:

1. After the first weighing, the rate of burning shall be not
greater than Z9 ml per hr using the 1? burner or 45 ml per hr
using the ASTM 27 burner.

2, The lamp chimney shall be clean or only slightly clouded at

the end of the test

3. The wick shall not have appreciable hard incrustation at the
end of the test.

4. The flame shall not be smoky and shall be practically as
large at the end of tha test as when the final adjustment

j of the wick was made.

Note 4. The high temperature stability shall be measured in an ASTM-CFR Fuel
Coker after 5 hr of operation at conditions of 350 F preheater
temperature, 450 F filter temperature. 6 lb per hour flow rate or in

an equivalent acceptable test device,

3. 2 Additives:

X3. 7 1 One or a combination of the following inhibitors may be added to the basic fuel in total
concentration not greater than 1. 0 lb of inhibitor, not including weight of solvent, per
5, 000 gal of fuel, to prevent formation of gum:

N. N' -di-secondary-butyl-para-phenylenediamine
2, 4-dimenthyl-6-tertiary-butyl phenol
2, 6-ditertiary-butyl-4-methyl phenol"2, 6-ditertiary-butyl phenol

75% 2, 6-ditertiary-butyl phenol

'10-15%. 2, 4, 6-tritertiary-butyl phenolj1 C-15% ortho-tertiary butyl phenol

I
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Table 2. Aircraft Turbine Engine Fuel (PWA 533) Specification (Continued) .

Z.4079 -3- PWA 533 I

3. 2. 2 Use of Pratt & Whitney Aircraft approved additi-es such as corrosion inhibitors, metal
deactivator*, and additives to extend high temperature stability, lubricity, etc., will
be permitted.

4. QUALITY: U

4. 1 Fuel shall consist solely of hydrocarbon compounds except as otherwise specified herein. It
shall be free from water, sediment, and suspended matter, and shall be suitable for use in
aircraft turbine engines.

4. 2 Odor of the fuel shall not be nauseating or irritating. No substance of known dangerous toxicity
under usualy conditions of handling and use shall be present.

5. CONTROL: Control of quality and control of shipment shall be in accordance with the latest issue
of PWA Spefication 300. 1

6. REJECTIONS: Fuel not conforming to this specification or to authorized modifications will be subject
to rejection. I

Note. Sections I and 5 apply only to Pratt I Whitney Aircraft operation. 11
3. Projection of Costs and Availability I:

As stated above, the JTF17 engine is designed to operate with com-

mercial aviation kerosene which is currently being used in subsonic jet
aircraft, and is available throughout the world. Results of preliminary 3
coordination with fuel suppliers indicate that the alternative fuel with 5
higher thermal stability characceristics (PWA 533) can be made available
on the same basis with no increase in cost once the SST aircraft becomes
operational and the demand for such fuel is high enough to warrant its 5
production and distribution. As stated above, 90% of all domestic fuels
now used in commercial jet aircraft meet the requirements of this speci-
fication. This coordination effort with the fuel suppliers will be con- |
tinued throughout the Phase III and IV portions of this program.

E. LUBRICANTS j
1. General

The JTFI7 engine is designed to operaLe on currently available typo II
lubricants that meet the requirements of Specification PWA 521B. These
type II lubricants are currently being used by many airlines and are gen-
erally available. Their use in the JTFI7 engine will not increase lubri-
cant cost per unit volume over those now in effect.

Advanced lubricants designed to reduce direct operating costs through
improved lubrication characteristics and increased time between overhaulI
are in the process of development, and will ultimately be made available
for service use. Work on those is described in the Test and Certification
Plan, Volume III, Report E, Section II.

BV12
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1 2. Lubricant Specification

|PWA.Specification PWA 521B for Type II lubricant to be used in thejI JTF17 engine is shown in table 3.

*F. PHASE II-C TEST RESULTS

1. Fuel Systems

j Results of Phase II testing of fuel system and fuel systems components
I are discussed in Volume III, Report B, Section III and Volume III, Report

E.

2. Lubrication System

Results of Phase II testing of the lubrication system and lubrication
system components is discussed in Volume III, Report E.

G. PLANS FOR PHASE III TESTS

I. Fuel Systems

Plans for conducting tests on fuels, fuel systems, and fuel system
components in Phase III are outlined in Volume III, Report E.

2. Lubrication System

Plans for conducting tests on lubricants,. lubricant systems and lubri-cation system components in Phase III are outlined in Volume III, Report h.

H. FUEL AND LUBRICATION SYSTEM HEAT BALANCE ANALYSIS

Because of high environmental temperatures encountered at supersonic.
flight conditions, the fuel and lubrication system heat transfer charac-
teristics of the engine must be thoroughly analyzed to ensure that maximum
use is made of the fuel as a heat absorption source and that fluid and
component operating temperatures can be maintained within acceptable
limits at all flight conditions and engine power levels. To accomplish
this, an analyticai heat balance analysis has been completed on the JTF17
engine. This analysis was conducred for all flight conditions within the
operating envelope and at all engine power levels.

The results of the analysis shows that the maximum operating fuel and
oil temperatures are within the required temperature limits for all flight
conditions throughout the flight envelope and that fuel will not be re-
turned to the aircraft tank at any flight condition except during descent
after sustained high Mach number cruise.

The JTFI7 heat balance analysis techniques are the same as used during
the J58 engine development program. These methods have been proven highly
accurate by comparing analytical results with test data obtained on the
J58 engine operating at high Mach numbers and altitudes.
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Table 3.. Aircraft Turbine Engine Lubricant (?IA 521-B) Specification

E-3285

Issued 5/1151S PWA 521.8

I vised jig/$Z PRATT & WHITNEY AIRCRAFT SPECIFICATION
R1evised //3

LUBRICANT. AIRCRAFT TURBINE ENGINE

1. ACKNOWLEDGMENT: Vendor shal mention this specification number in all quotationst and when
acknowledging purchase orders.

2. TYPE: Blend of synthetic and/or mineral oils capable of meeting certain performance requirements
as measured by special tests.

3. TECHNICAL REQUIREMENTS:I

3.1I Composition of lubricant is not limited; formulations composed substantially or entirely of non-petroleum
6 materials are permitted, provided the following requirements are met. Tests shall be performed, insofar

as practicaul.., in accordance with the latest issue of the listed ASTM test methods. Properties marked
with an asterisk (*) are applicable only when this .iptcification number followed by "Type II is specified

on the purchase order.

Specific Gravity
At b0160 F To be reported ASTM 01 Z98

0 Viscosity. Kinematic, Cs ASTM D44S
At -40 F max 13, 000
AtI100F max 100
At 210F MAX 5.5
At 400 F 1.0 min

Pour Point. F max -75 ASTM D97

0 Flash Point. F 400 min ASTM P921

0 Evaporation L,.ss after 6-l/iZfhr., ASTM D97Z
Sea Level (29. 9 in. Hg) 400 F max 25
40, 000 Feet (5.5S in. Eg abr) 450 F max SO*1

0 Foaming. ml (volume), max . ASTM D892
Sequence I a5 - 0
Sequence 2 a5 - 0
Sequence 3 25-.0
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Table 3. Aircraft Turbine Engine Lubricant (PWA 521-B) Specification (Continued)

E-3255 -P- WA 5ZI-B

0 Bearing Test, Condition 2 (100 hr) Pass* See Note I

a Carbon Seal Wear Test Psg#5 See Note I

* Vapor Phase Coking Test PassS* See Note II Gear Scuffing Load, lb per in. I1 900 mnm See Note I
Z. 400 min*{ 0 Pitting Fatigue. hr to failure 100 min* See Note I

* Corrosion-Oxidation Stability, See Note I
Weight ch•hge, mi per sq cm AftAr 72 hr at 307 F ± 5 After 48 hr at ,25 F ± 5

Steel
Silver

Copper ) max 0 0. 30 max * 0. 30t
Aluzminum

Titanium I
Magn-sium)

Viscosity at 100 F.
% chaqge from original -5 to +15 max +50

Total Acid Numier.

change from original max 2. 3 To be reported

0 SOD Lead Corrosion.
-eight loss, mg per sq, in.
I hr at 3S2F5 S max 6. 0 See Note I
5 hr at 375 F * 5 max 6. -i*

0 Refractive Index To be reported ASTM D1218

Note 1. Test method shall be acceptable to Pratt & Whitney Aircraft.

4. QUALITY: Lubricant shall be free from suspended matter, grit, water, and objectionable odor.

5. CONTROL7 Control of quality and control of shipments sha'l be in accordance with the latest issue of
PWA Specification 300.

o. APPROVAL:

6. 1 Vendor shall not supply lubricant to this specification until samples have been approved by purchaser.
After approval, compounds and method of manufacture shall not be changed without notification to
purchaser prior to first shipment of lubricant embodying such change. To qualify for batch acceptance,
results of tests on subsequent lubricant lots shall be essentially equal to those on approved samples,
except that the bearing test and the pitting fatigue will not be required for batch acceptance.

6. Z Right is reserved to submit oils of new or unusual composition to such additional tests as are considered
necessary to assure serviceability of the material.

7. REJECTIONS: Lubricants not conforming to this specification or to authorized modifications will be
subject to rejection.

NOTE: Sections I and 5 apply only to Pratt & .hitney Aircraft operation.
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The basic approach in the heat balance analysis is to calculate the
heat input tc the fuel and lubricant from all heat sources, and to calcu-
late the heat returned to the aircraft fuel tanks during descent.

The engine heat eaergy sources fall into four general categories:

1. Ambient or environmental - Heat flow into the fluid due t3 con-
duction, convection, and radiation. •ji

2. Flow inefficiency - Temperature rise associated with pressure drop
in an incompressible fluid.

3. Component Efficiency - Temperature rise in a fluid associated wi-h ,i
pump inefficiency.

4. Mechanical friction - Heat input to a fluid associated with rotat- 3
ing and stationary interfaces such as gears, bearings, and seals.

The contribution of each of these sources to the total engine fuel
system is shown for a typical supersonic cruise condition and airframe in- I
stallation in table 4.

A listing of individual mechanical and ambient heat energy sources and 3
heat transfer rates for a typical supersonic flight condition are shown in
table 5.

Table 4. Total Heat Transferred to Fuel at Mach 2.7 1
at 65,000 feet Altitude for a Typical Installation

Heat Energy Source Heat Transfer Rate,
Btu/min

Main Burner Fuel System
Ambient, Components 60
Ambient, Plumbing 237
Ambient, Main Manifold 814
Pump, Impeller Stage 646

Pump, Gear Stage 420
Flow Inefficiency 488

Hydraulic System I
Ambient, Components 44
Ambient, Plumbing 401
Pump 950
Flow Inefficiency 553

Duct Heater Fuel System
Ambient, Components 41
Ambient, Plumbing 167
Ambient, Duct Manifold 834

Turbopump 1000
Heat Transferred from Lubrication System Thru the Heat Exchangers

Ambient 740
Mechanical 2855

Total 10,250
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Table 5. Mechanical and Ambient Heat Energy Sources and Heat Transfer
Rates to the Lubricant at Mach 2.7 and 65,000 ft. Altitude
for a Typical Installation

Heat Energy Source Heat Transfer Rate,Btu/min

I. Mechanical
No. 1 and No. 2 Bearing Compartmen,

Seals 247
No. 1 Thrust Bearing 123 r
No. 2 Thrust Bearing 556
Pinion Gear, Aircraft Power Takeoff Gearbox 297
Pinion Gear, Main Accessory Gearbox 89

No. 3 Bearing Compartment
Seals 67
Roller Bearing 268

No. 4 Bearing Compartment
Seals 40
Roller Bearing 50

Gearboxes

Main Accessory Gearbox 281
Aircraft Power Takeoff Gearbox 548
Oil Pump Gearbox 295

Sub Total 2855

f 2. Ambient 740_0

Total 3595

To fully analyze the system for all aircraft flight ar2 engine power
conditions, the characteristic sources of heat energy were developed as a
function of measurable parameters such as rotor speed, fuel flow, second-
ary airflow, and engine inlet temperature and pressure.

The characteristic data were developed in the form of heat rejection
maps, which were plotted against one or more of the above-mentioned pa-
rameters. An example of this mapping ýs shown in figure 13, which shows .

the total lubrication system mechanical friction heat input at full power
conditions plotted against flight Mach number and altitude,

Testing of the fuel and lubrication system has been performed on the
Phase II-C initial experimental engines. This provides a source of data
that is being used to support this analytical work. An exampie of the hA
resulting test data is shown in figure 14, which compares calculated-to-
measured engine heat rejection. The data are obtained by measuring oil
and fuel flow rates and fluid temperatures at both coolers. These datc
verify that the techniques used to account for the total heat from all
energy sources are accurate.
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Although indiv idua I neat iinp'iL rates ;tod~-rc ~p
arately, the integrated fuel, hydraulic, ndlub rkc a t Ss t ems recqtIi rec

detailed analysis to calculate stpady-!ýtatc and trans- tl,,id temperi-
tures. Fluid temperatures were calculated at eachi jun'ction of two or more
flow streams using appropriate mixture equations, and In-i-uonced by J58

engine develoapment experience where fluid-, temper.itures r-affected

uniquely by the hardware configuration.

Such a detailed analysis was made for all critical combinations of
engine and aircraft operating conditions to confirm that the system de-

signed for the JTF17 engine is satisfactory throughouit the entire 'light enve-
lope. Typical results are shown on figures 1,2,3, -nad A._ This P nlysis
showed that both fuel and oil temperaturen will be maintained below the
point at which experience shows that varnish deposits might occur in tile
fuel systems and coking might ,c-=r in the oilJ system at all flight condi-
tions. The heat rate which musý -, returned back to the aircraft tank
during descent when the heat absorbing capacity of the fuel bcing burned is
low was also calculated as a part of this analysis. Figure 15 shows typi-
cal results of a calculation of the heat return rnte during descent. The
curves show how the heat return rate is influenced by fuel inlet tempera-
ture and time.
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I. Maintainability and Servicing

1. All components subject to possible servicing are located outside
of the engine.

2. Oil contnminant collection and detection units, such as filters
and chip detectors, are located outside of the engine at easily
accessible locations.

3. Servicing of the oil system will be held to a minimum by main-
taining low oil consumption through the use of a highly efficient
de-oiler.

4. A valve is located at the bottom of the oil tank to facilitate I
draining and flushing. These operations can be performed without
removing the tank or main oil pump supply line. The tank assem-
bly also includes an easily accessible filling and overflow fitting.

5. A filter is incorporated in the bearing compartment seal pres-
surization supply air system to prevent dirt accumulation in the
lubricant. j

2. Reliability

1. Pressure operated bypass valves will be incorporated on all com- I
ponents to ensure sus.SIui, sysrem cooiing and lubrication in the
event of flow blockage within the component.

2. Two oil coolers will be us.d, each with the capacity to maintain I
acceptable oil temperatures in the event of a single cooler or by-
pass valve malfunction.

3. The redundant oil filtering system is composed of a primary filter, .

standby filter and pressure operated bypass valves for each.
4. Fuel dump valves will be uned in the primary cumbustor and duct

heat fuel supply systems. These valves allow the residual fuel t-
be drained when the combustor or heater are not operating. This I
feature prevents fuel decomposition.

5. ihe system uses a regulated oil system that maintains constant
flow and pressure at all engine speeds.

6. A pressure relief valve is used within the main breather pres-
surizing valve to prevent high breather pressure.

7. Thermostatically operated bypass valves are used in both fuel, eys-
tems to regulate the nozzle fuel temperature to levels below the
decomposition point.

8. Additional £ureign object protection tor the bearings is provided
by passing oil through externally located "last chance" filters I
prior to reaching the oil jets in each cooling and lubrication

point.

3. Saiecy

1. Prevention against possible auto-ignition of the oil is achieved by
providing a low flow of cool air to pressurize the breather system.

2. Protection against oil fires outside bearing compartments is
achieved through the incorporation of a unique venting system.
Any oil vapor leakage past the primary compartment seal is vent-
ed overboard.

-28ostAvailable Copy a
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3. The venting system also prevents possible primary seal oil vapor

leakage from entering the cabin air pressurization supply.

Details of the vent system are described in section G.4. An oil pressure and temperature transmitter is pro-Ided for con- -

tinual cockpit monitorirt :i oil conditions.

S3. MATERIALS SUMMARY

Table 6 shows a stumary of all lubrication system components, the
materials used, and the primary reason for the material selection. Mate-

t |rials used in fuel and lubrication system lines are included in the lines
and fittings section. Materials used in the fuel system are included in
the controla and accessories section.

Table 6. Lubrication System Component Material Summary

Component Material Substantiation of
Material Selection

Oil Tank AMS 5510 (AISI 321) ".•zý.4 durability on both
commercial and J58 en-
gines.

"Main Oil Pumo and Gears - PWA 724 - Low wear (J58 experience).
"Scavenge Pumps (Alloy Steel)

Housing -PWA 4134 Ability to pass cortami-
(Alufrinum) nants without jammiag

,rumps (Co=C~_- Z:'~l ......

Journal Inserts Exceptionally lo.; wear -

SAMS 6322 (Alloy TF30 high pressure pump.
Steel)

Plating-Lead/ Low wear characteristics.
Indium/Silver

Main Filters Stainless Steel !esh Proved durability in J58
engine.

Oil Cooler Housing - ANS 5646 Proved durability, weld-
(AISI 347) ability, and high duc-

tility on commercial and
J58 engines.

Core - AMS 5646 Proved durability in J58
(AIST 347) en2ine.
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Table 6. Lubrication System Component Material Summary (Cont'd)

Component Material Substantiation of
Material Selection

Duct Cooler Therma' Housing - AMS 5646 Proved durability on com-Bypass Valve (AISI 347) mercial and J58 engines.

Liner - AMS 5616 Low thermal expansion; low(Greek Ascoloy) wear from J58 experience.
Valve - AMS 5616 Low thermal expansicn; low "
(Greek Ascoloy) wear from J58 experience.

Spring - AMS 5698 Proved durability, corro-
(Inconel X) sion resistance, and re-

sistance to relaxation athigh temperature. I
Pressure Regulating AMS 5613 (AISI 410) Low thermal expansion, low iValve 

wear, proved durability on
comrercial engines.

Duct Cooler Fuel Housing - AMS 5646 Proved durability on com-and Oil Pressure (AISI 347) mercial and J58 engines.
Bypass Valves -

Valve - AMS 5646 Low thermal expansion; low
wear from J58 experience.

Spring - AMS 5698 Proved durability, corro-(Inconel X) sion resistance, and i
resistance to relaxation
at high temperature.

De-Oiler AMS 5350 (AIsI 410 Easy casting, proved dura- 31Precision Cast) bility on J58 engines.

Breather Pres- Housing - AMS 4921 Weight
surizing Valve (Comm. .. . .

Valve - AMS 5613 L)w wear
(AISI 410) I
Bellows - AMS 5512 Formability, and proved(AISI 347) durability on conmnercial

and J58 engines.
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